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Stability of Maya Vaulted Buildings.

The mechanical problems which cafronted the Mgya architécts
in desgigning a xkmkex masonry-roffed building which did not fall
down of its own weight are rather complex to a mXymex layman. Since
most archeoldgists, (like the writer), are laymen in the this respect,
an account of those problems should be useful, and should be as
simple as possibilg., The initial statement of. a number of defirnitions
and principd®s, properly distinguished so that we can refer to them
without restatement, will be helpful.

a. "Sgructures are artifical constructions in which all parts
are intended to be in equilibriumA%nd at rest relatively to each
other . . . they consist of two or more solid bodies, generally
called pieces or members, which are connected at different parts
of their surfaces called joihts'.

b/ There are two varieties of motion. "A moving body has a
motion of Translation when every straight line in the body mmxEs
remains parallel to 1ts original position. Thus . . a sled moving
down ®txX a uniform incline has a motion of translation".

c."A body has a motion of rotation when all points in the body
travel in circles the centers of which lie in mkraightxiipaxzazzkxigh
a straight line; the line is called the axis of rotation. This is
the motion of a grind stone . . or a swing."

and
d."A change of position is called a displacement", If-itke-ohunge
ie-due-to-a-motion-of-translation, it is xemxwmmixky described by
"the length and direction of the straight line drawn from the first
position of the point to its second point'.



e."Force RXixxxtkat is a name which we give to that influence of
one body on another by which the first changes the motion of the
other". Another definition: "Force is that which changes, or tends

our discusion all forces considered will be those of one member of
the building acting on another, and causing or tending to cause

a change from a state of rest to one of motion, and the forces
which must be brought to bear against them.

f. "Action and reaction are equal and opposite" (Newton's
Third Law of Motion). ""The sction snd reaction here referred to
mean force and counterforece". This principal means that if a

a wall presses down on a floor with a force of so many Lbs. per
square inch, the floor presses up on the bottom of the wall with
a force of an equal number of Lbs. per square inch.

g. The center of maxx gravity is, to all intents and purposes,herg
the same thing as center of mass, which is defined thus by Duff:
"Te center of mass of a body moves as if the whole mass were
concentrated at the center of mass and the forces acting on
the body were transferred, with there directions unchanged, to the
center of mass." Nsktmxkkzxk If the center of mass moves, the body

BREREXHXXKX~ =
Duff p 64
is of necessity move by translation, and in calculating what forces
must be brought to bear to prevent this kind of motion, we are,
under this definition, free to bring them all to bear on the center
of mass or gravity. But ifxwazmpimmiiyxdkdxse we may not do so
in considering rotational fmxrax effects of the same forces, as we
would be eliminating the lever arms on which they work. In this
latter case we may not treat the body as a particle.
hxxMemasrts

h. Rotational movement is not created merely by a force, agkirg
but by a force acting on a lever arm. One might exert a larce force
on the =mx¥axmfx® hub of a % wheel without turning it, while a
slight force aspplied at the rim, or on a spoke, would start 1t
turning. "When we speak of the moment of a force, we muat have in
mind some fixed point or line with respect to which the moment is
taken. The moment of a force is the product of the mgm magnitude
of the force and the perpendicular distance from the point of
to the line of action of the force; or in other words . . the
product of the magnitude of the force by the arm with which it acts."
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i. "Conditions of equilibrium.: T,e forces acting on a body
are in equilibrium when they cause no acceleration either linear
or angular, that is, when their resultant is zero. Given that
a system of forces is in equilbbrium we may conclude that the
some of their components in any direction equals zero, since there
is no aceceleration of the center of the mass, and also that
the sum of the their moments about sny axis equals zero, since there
is no angular acceleration about any axis." This 1s to say that

_if a Maya half-vault is in equilbrium, every foféé”tending to move
it as a whole in-one direction is,rséugsd by an—equsl and opposite
force from some other member; m and t hat the lever arm

This is to say that the totsl effect of all forces tending to
move a Maya half-vault,imxsme let us say to the left, is met by
an equal total of forces working toward the right; and that
lever arms of mXX both Rmxmmx sets of forces are so adjusted,
each to its own force, that the total of rotational power (moment )
in one direction, is matched by a total in the other. In the
definition, "angular acceleration” means change in rotational
motion. The term also implies zmzkxaxzhmmgsxat relation to time,
which does not meed to convern us here. For our purposes
equilibrium means that all forces acting on any member are so balance
sdjusted that no motion (Rixpkaremenzizeixbarxof either of
trahslation or of rotation, takes place. Any motion would, of
course, result in the displacement of one or more members.

o



The resultant of two or more forces is definee as the single
force which will produce the resultant acceleration" Azzmizex The

Apreimrakinnxizxrakexafxchange xinxveXariky

rexuikant The mEErxar’ acceleration is a change in velocity in which
we are not interested. The important thing is that the particle
acted on by the bwo forces will move along the line of this
acceleration. Velocity, of course, implies direction.

"I considering the action of forces, it is convenient to
represent them grapgically by straight 1ihes . o« T e length of the
line, if drawn to a scale of pounds, represents the magnitude of
the force in pounds; the position of the line indicates the
line of action; the arrow head .. the direction in which it acts. ..
If two forces mxm applied at one point ~re represented in magnitude
ané direction by two straight lines inclined to esach other, their
resultant is the diagonal of the parallelogram formed on those
lines" Iy is here implied that not only is the direction of
the resultant represented by the diagonal, but also the amount of
the resultant force (to be read at the same scale used for the
original forces.

"A force may be considered as acting anywhere on its line
of action". FThksxtxzimmpartmmkzasxitzwitk
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It will readily be conceded that mascnry vaulted buildings form one of the

largest categories of Mayan archeological remains, st least of the classical
as pessi&le

and late periods. They must be as thoroughlyy explained4in any complete account
of the.Maya culture, and before this can be done, must be gorrectly arranged in
chronological series.

It is now obviocus that neither the unique accurately dated monuments of
~thigé culture nor the variations in architectural decoration of the bhildings
themselves and the minor details of their design will alone serve this purpose.
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Vaillent, 1932, p. 2 Merwin and Vaillant, p. 2-3.

As excavation progresses it becomes increasingly apparent that pottery, indis-
pensable for the earliest periods, will become one of the best time indicators
for the classical and late periods. But probably & large majority of Maya
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For results at Uaxactun see Vaillant, Smith,
¢ at Holmul, Vaillant, 1932.

buildings, even when restricted to these roofed with the masonry vault, will be
found without unequivocal eeramic associations as well as with their deccrative
details and minor points of design completely obliterated.

All time-indicators possible should therefore be developed to the fullest
possible extent. This paper is a discussiocn of one of these which the writer

v ST udynnd paulted bufloeg s

believes can be useqhto a greater extent, and with more precisicn than has
been ccmmog;-the relation of wall thicknesses to room widths.

Tables reIleéting these measurements at two Usumacinta sites are appended
and discussed by way cf trial balloons.
- Chronological deductions based on this relation, or more generally, by
direct comparisons of wall thickﬂessés, are by no means new. The purpose here
is to discuss some of the limitations cn‘the method, and to suggest that where

these limitations are absent or can be discounted, more precise determinations

than have been the rule may be attempted. The assumption involved is that, be-
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cause of technical inability or lack of engineering knowledge, perhaps both, the
Maya architects at first aesigned only narrow vaults, and placed them on very
thick walls; and that as tire passed, they learned to erect wider vaults, or to
place them en thinner walls. This assumption is implicit in one of the reasons
given by Spinden for considering the famous Palenque buildings as lates "Perhaps
the strongest evidence of the lateness of Palenque is seen in the architecture.
In Palenque are found the widest rooms, the thinnest walls, the most refined
shapes, and the most ideal intericr arrangements to be found anywhere in the

southern and western part of the Maya area". Lothrop finds walls growing thinner

e T .. T o

Spinden, 1913
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degree, of Maya architecture generally.

Reascnable conjectures as to the motivation for such a change are not far
to seek. The thinner the wall the better light and air is admitted through
doorways and, where they exist, ventilators. The thinner the wall the less
labor in guarrying stone, in cutting it where cut stone is wmsed, and in burning
lime and transporting all materials. The wider the room, surely for some
purposes, the more convenient and useful.

The structural factors which limited the Maya architect, at any given time
end place when he detsrmined the thickness of his walls and the span of his

vaults have been most fully discussed by Roys, on whom the writer draws freely,
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without intending to avoid responsibility for statements made. They belong to
+£1amvf£« ‘;‘fvsrmg% 6 bapolved 4% w:m-’/am;, P

gy,
two categories which affect wall thickness and span--stability and strength, 5

%
The resder should recall that, reduced to simplest terms, & Maya vaulted

building consists efiessentially of vertical walls, on which are placed masonry

masses so shaped as to form the ceiling of the room. On the outside these may
b‘,“wwd o “battevred V‘i‘i’{ff 7/[,(1: a4 & ﬂﬁ)j & sioﬁw;oufwu*ﬂ( lw/{q A
rise vertically or on a slope, (giving a mansard roof effect%& but always the 3
) A L] @ e o ‘;
Sormany §offe T s/op 3 Ca
inner surfaces slope inwerd and upwarqmpntil they nearly meet over the center

of the room. The small gap is usually closed by laying & line of slabs across

plostere ¢ ‘ oH
from half-vault to half-vault, and a masonry roof-cap, surfaced withqconcrete,

is placed over all, Whether the overhanging innzzj;{;pes are faced with cor-
beled slabs or tenoned veneer stones, each half-vault tends to act as a mono-
lithic unit, as does each wall, due to the liberal use of mertar in both.

It is apparent that the vault as a whole, when completed, must be balanced
in some fashicn on the walls. In many cases each half-vault has its center of
gravity over its supporting wall, and nct over & point in the room. Such half-
vaults adt as cantilevers, and each is independently stable (See Fig. 1}« DBut
if the two halves overhang so much that they lean against each other at the tecp
(exerﬁing pressures in opposite directions through the rough cap,) then com-
pensating outward side-thrusts will result at the base of each half-vault. (Fig. 2).
Since the bottom of the half-vault is on the top of the walls and the.iwo are

Tt At e FESO Yomf S

locked together bynthe weight of the(gfper unit, there will be a tendency to push
TP Hoanad (5 ms? P20t asiodine to Fha r}m--wwi-iwf weph®, posd 7y asnl d““(if“ Lo Mot

the walls over in the direction of the thrust--that is, outward.
‘ £y /»ug.,«‘ n‘rff‘"f
In this connection, the thicker the wall, the wider its base, and the better
andl f'/(: {mm@ﬁ«n‘?f “t:;if;,\g{’,&m»:? #
will it be able to resist such side-thrusts. n practice the wall usually fails
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,to act as a monolith and bresks. The thicker it ¥gyithe more masonry there is

to be broken apart, and the less tensile strength per square inch dies its mortar

require to prevent such a break. Uther things remaining equal, therefore, an
grohitect who thins his walls has reduced his margin of safety in the matter of

s
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stability. If he does soc without collapse, he has made progress.
On the other hand, if he uses the same wall-thickness but increases the

span, he has‘also reduced the same margin of safety, by increasing the thrust,
unless he compensetes in other ways. Using the same soffit slope for the inner
surfeces of his vaults, they must rise higher, in order to nearly meet at the cen-
ter, will weizh more, and over-hang more, and thus increase the amount of
side-thrust, if this was present in the design fér the narrower room, or tend to
introduce it, if it was not. If he chooses to keep the height the same, he must

meke his vaults flatter, in order to have each half reach nearly to the center
Vhe oy of fw»w-v'é‘ég ff;(g AJ/ -roubf

of the room. This will glsc increase the side-thrust, since
vt { wars Toswrondhs o g vorm, ami o nsie wncrspst

masopry-will ezxtend ower the room, Thus, thirking only of problems of stability,

either thinner walls, or wider spans, and of course, both combined, represent

4 2 ES e - [’ S, EE G g
more advanc%d design from a structural péint of view. Thay ntguias wns swklo fuwawbaye
e ¢ il Y %
Tor e e fite g;f oig '
However?w1nw&wgre&%wm&nywb@&&d&ﬂgﬁwmaachwhalinm&u%tmismmadamtawhalanse

iteelfy—2s noted abovey ent-no—site-thrusts.-are-exerted on -the-welle Whether
r/ Covrse
this~L&4ax4n>4uﬂ“lQ main function of the wall must always be to merely support

i EE gjn‘i Lty LASTRR 5(
the weight of the heavy vault--it must resist the pressure--theAload--which

tends to crush it. Again, if other things remein equal, a thinner wall will
which implies wove acconde Msondeds ¢ of T s'finm; ¥ s;é' Yhe Wospper,

* - . 7 ; ' -
either mere nearly approach the danger point, or it must be made stronger,u4m@ﬂm¢%£ﬁw
s W";é\%u‘&h:@-«?ow:} «

<. The load per sauare inch has been increased, since the number of square inches
has been reduced.
Tf the room is mede wider for the same walls, the total load, and therefore,
the load per square incli,w¥ll:probabby: be inareased. (Pég. 3). This is because
the veult is wider in any case, and probably in most cases mweh higher, since
variations in the soffit slcpe angle are unlikely to actually reduce the vault
’ (,(),;f 7/}\-99" ;f{f'r‘f «"}'f.a f,{zﬂp j‘w/’;ﬁ":yf L«H':i rsg,g,s,;;wé @ ?A'G-Mgw'gu?ff wz?-"f, D /14575 ba¢ gragn wd 7‘;{#@;_,7‘;4;-,59»’ 1908 Ko i 4 1
M : : g . e 7
height in the wider room. There must be more material--greater weight-=-in a
wide vault of the simple type thus far considered, unless there is such a re-

duction. Such a reduction could only be effected by flattening the vaults--

meking the soffit more nearly horizontal. The possible relationship between

“les %

5 s and . i L aults.

%alls ‘ang spans, g discussed below under flat vau
: P discys

~is
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From the pcint of view of masonry strength then, either thinner walls or
wider spans, or a combination of both, other things being equal, represent a more
advenced design. This may involve merely greater daring or knowledge on the
part of the builder, or actual improvement in the masonry--in the quality of
the mortar, tetter selection or cutting of stone, better chinking, etc.
The above discussicn has been indulged in to bring out the fact that even
if we are not able to say, in a given case, whether problems of stability or of
masonry were to the front, ﬁrogress in either category may be reflected in the
wall thickness or vault span, or both, and confusion &s to which type of limi-
tation was involved does not necessarily v{jiate the conclusion, that progress
in one of the other was made. However, the particular design of the vault it-
(Espicr wf; He sulsr /!qs.,s,??l' Fowmundf § fa _
self may greatly increase the side-thrust and thus inhibit progress in wall or
span dimensions (Pig. 4). This is more fully discussed later,
For the above simple cases direct comparisons between the walls of
different buildings, and between their spans, appear sufficient. But changes
in wall thickness or room width were very probably sometimes made without any
technical advance, by adjusting one dimension tc the other. Thus, for cultural
reascns, it might be imperative to erect a palace with a wider room than & con-
temporary temple. The margins of safety, both in stability and load on masonry,
could be made the same in each by making the paladé walls thicker than those of
the temple., It seems to the writer that in order to guard against this situation,
the actual measurements of walls and rooms should not only be compared directly,
but by percentzges expressing quantitatively the relation of wall thickness
to vault span. If, for example, the wall thicknesses of the two above hypo-
thetical buildings are divided by their respective room widths, each giving the
same percentage, and the buildings are of the same general design when seen
in cross-section, cne is no more advancéd than the other from this point of view,
The wall-span ratic indicates contemporaniety, which, in an actual case, shculd

be checked by all other available criteria., 1If, howevery i§he palace index, de-
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spite the thicker palace wall, is lower than that of the temple, the wall thick-

ness only partially compensates for the greater spah, and some advance may be

siispected.

An ideel index is one which reflects icreased loads on walls and closer
approaches tc instability, and one which also can be applied to the greatest
number of buildings. The ratio of all wall thicknesses to room widths (measured,
of course, on & cross-section) does not meet the last requirement, though perhaps
it should be figured and used as botween buildings of the same cross-section
type. The difficulty is that Maya buildings, even when probably contemporary,
do not conform to a given type when seen in cross-section. Three examples will

suffice. A simple one-rocom temple will havg a front and rear wall, with half=-
vaults springing from each and nearly meeting overhead. To get the index for
the whole cross-section the thickness of two walls will be divided by the span
of one vault {or vice-versa). But another building ﬁay be erected agauinst the
side of a hill or the substructure of anofher building. It may have the same
front wall, the same vauli, but its rear wall will be a mere retaining wall
holding back solid fill placed on the steeply rising ground behind. (Fig. 5).
The thickness of the rear wall, for obvicus reasons, is only half what it would
be if it were free-standing, or else the whole hill must be ccnsidered the
wall. There is here no second complete free-standing wall to measure.

Neither of these types can be compared with the many double-ranged build-
ings where a single medial wall serves two half-vaults--the inner half-vaults
of front and resr rooms. (F{g 6). The ratic of two walls to one room (the simple
temple) cennot be compared to the ratio'of three walls to two rcoms A(the double.

‘ranze temple or palace).

».q’ - . - 3 - - - - ' 3 -
Even when we are dealing with buildings similer in cross-section, if they
involve this medial wall supporting two half-vaulté, a percentage reflecting

all walls and rooms has one drawback. It will not fully reflect changes in room
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widths and outer wall thicknesses, because the outer wall thicknesses tend teo
chanre faster than the medial wall thickness (which supports twice any increase

in vault weight)., This was noted as a general characteristic by Polleck.
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In order toc compare wall-span ratios it seems to the writer permissible and
logical to use an index reflecting only those of the elements under discussion
which are common to all vaulted buildings. These are the outer wall thickness
and the outer room width. Thece two elements will be found on all Maya buildings,
whether there are one, two, three, or more ranges, and even where there is no
free-standing rear wall. It is fortunate that where there are inner walls the
outer is the one which varies most, so that such an index is not only most
iniversally applicable, but is also the most delicate. Further, from the
point of view of stability, it is only the outer walls which may be called upon
to resist side-thrusts, and the failure to take account of interior room-widths
is of no consequence so far as stebility is concerned The only thing lost is
an indication of the increased load on medial walls 4n double or multiple range
buildings. Among buildings having this element in common perhaps this load
could best be studied separately. A useful index might be the thickness of the
interior wall divided by the sum of the widths of the two rooms it serves.

If a building yields moré than one index of the sort proposed--cuter wall
thickness divided by adjacent room width--it is the lowest ("lightest™) which
should be use@ for comparative purposes. If the builder was able to erect:a
half-vaylt and its wall of a given degree of lightness, let us say the front, it
-is obvicus that he could have built the recr outer half-vault and wall of
approximately the same proportions.

Front and rear walls are by no means always of the same thickness. Some-
times the room which the thicker wall serves is wider and the reason is cbviocus,

end the proposed index, when applied to the rear, will reflect fhe situation.
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In other cases--perhaps a thicker rear wall of a single-rcom temple--the added
thickness may be to allow for a niche, or a roof comb or flying facade placed
to the rear. In any case, it seems most probable that where indices differ at
front and rear, the heavier most probably results from factors extraneous to
vault building ability pure and simple.

To simplify matters in the expésitien above, we have taken up vardous
factors individually, assuming all others to remain the same. Unfortunately,
they do nothing of the sort. If the Mayas streight through had had but one
desire--to erect as stable vaults as possible, with the largest spans on the
thinnest walls they could manage, the wallespan index would be always true
chronologically. And it would be the most useful ims:inable, since the most
complete collapse of a vaulted building usually lezves something of the walls.
But meny other factors surely were, or may have been, at work. Wherever par-
ticular buildings, or series of buildings, are to be compared chronologically
on the basis of wall or span dimensions, or by indices based on them, such
extranecus factors must be satisfactorily accounted for, The writer believes
this can be done at many sites, if there is opportunity for extended excavation
at each site, or if the buildings are standing and thoroughly described. As
between two thoroughly known sites, valid comparisons will probably be possible,
provided the techniques in use are not tco disparate.

Following is a discussion of factors which may in given cases, have caused
a deviation from the wall and span dimemnsions which the builder knew, at the
time, he could have used successfully, if his problem had been to sgpan the
room with a masconry vault, and nothing more. Where design is under discussion,

“the standard of comparison is a half-vault with vertical outer surface ("upper
zone™) in the plane of the outer wall below, with an inner soffit slope of a
moaerate angle, placed cn a wall of moderate thickness, and used with a room of

moderate width. Fig. 1 illustrates euch a hypothetical standard, and explains

a8 v,
the nemes here used for various elements :
o s in

& vault,
The thgopetical effect
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of the occasional absence of an off-set at the spring of the vault, and the minor
variations in 1is width when present, are disre arded as inconsequential,
We have also omitted any allowance for the weight and stabilizing effect of
medial and upper mouldings or cornices, except such part of the former as is
included in a downward projection of the plane of the upper zone (sometimes
called the "entablature", or "upper facade".

Three factors may be prssent and affect the stability of the half-vaults,
apart from the base supplied by the walls.

8. A sloping upper zone in the facade reduces the cantilever effesct of
the half-vault by reducing the s#able portion over the wall which tends to
balance the overhang, and this increases the tendency to side-thrust.(cf. Fig.
1 with Fig. 7). The less steep this slope, the greater the thrust effect. (Fig.
If stability happens to be a eritical matter, this desizn would tend to raise
the indexj; if not, to lower it, since weight is reduced.

In northern Yucatan the sloping upper zone is often structurally present,

w3

- though concealed by ornamental veneer. The later is roughly triangular in

-..---—n..‘-‘-u---—-—-—--------———--.—-----

cross-section, with one point resting on the outer part of the wall or on the
medial moulding, with the hypotenuse of the triangle following the sloping

upper zone of the previously erected outer half-vault.

Such an arrahgement gi%es a vertical or even negatively battered upper
zone, but the usualy monclithic character of the whole is absent, because the
~veneer is not bound to the half-vault. Such a construction adds, rather than
otherwise, to thrust tendencies, of sloping upper zone vaults, but presents the
same load as a vertical upper zone design. Its effect is therefore to raise
indices, if anything, not to lower them.

This method of construction is known &0 occur in Northern Yucatan in purely
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Maya buildings, where it was noted on by Martin. Roys
called attention to its presence in the House of -the Majicians at Uxmol, where
the writer has obssrved it also in the House of the Governor and the House of +the

Tupgle. Perhaps it represents in advance in specialigation of work

= -

ers--vault

builders as opposed to workers in stone mosaic facade decoration, which is the

Where, as here, the

ct
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type of ornament applied to the buildings in ques
facade was to be erectaed separately, originally sloping upper zones were

necessary so that the facade element could be thicker at the top and so lean

inward, and notf he_in danzer_of falling gqutward._ _ e ; e o HLCE G Tl A
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ind the plane of the outer wall
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b. Setting the base of the upper zone beh

surface (a frequent practice in the Usumacinta) has the same effect as a sloping

uppsr zone. For convenience we may call this an "inset" upper zone. (Figs. 5

If either of the above factors, alone or in combination, have the result
of meking the half-vault unstable and ihtroducting side tarusts on a wall
which could otherwise have supported a stable half-vault, there is the possibile
ity that the wall had to be left thicker es-the-rosm-made-me=rowss-to withstand
the thrusts, or the room made narrower to reduce them, with a resultant higher
index. Progress is here best measured by actually calculating the margins of
safety from the point of view of stability. If all these margins are wide in
all buildings under comiarison, these design factors have probably not affected
the wall and spen dimensions, unless to reduce them by lightening the vault

ight., The latter effect should be considered true progress=-in design rather

than masonry technique--and the lowered index would retain its meaning.

The important caution here is in dealing with completely collapsed buildings
where the vault-design is unknown. 1In such a series, a building with a %ow
wallsspan index may be earlier than another with a higher index, the latter

made necessary by a vault design made more unstable for aesthetic reasons,

Unstable vaults are of course lizhter than stable ones of the same span.
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It is probable that by the time Mayan architects were successfully handling
appreciable side-thrusts they had developed good masonry techniques and that
the outer walls would have supported heavier stable vaults. Where there are
interior walls, calculation of heavier loads there might prove this. If this
is granted, instability resulting from the factors under consideration would
énly raise the index (meke it heavier), not reduce it. In any case, a light
building of unknown vault desin could still be considered as more advanced
than a heavy one known to have stable vaulting.

K roverse handling of the above architectural elements omay be occasioned

by esthetic considerations, and such handling increases the load and so tends to
increase wall thickness and reduce spans, as_followsav

Ca
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d. A "negative batter"™ on the upper zone increases the load on the outer
wall. (This term implies that the upper zone leans outward, the half-vault
becoming correspondingly more bulky. (Fig. 8). But such an effect mgyst be slight.
It reduces (also slightly) any tendency toward side-thruéts.

e. Setting the base of the upper zone in front of the plane of the outer
wall surface, on the overhanging medial molding or cornice) has the same effect,

also not great. For convenience, we may call this tre.tment an "outset"
upper zone. (Fig. 9). |

f. Increasing the stdepness of the soffit slopes increases the load, since,
tc a given span, the half-vaults rise higher before they nearly meet. This
effect may be very great, yet be occasioned merely by an esthetic desire for

maximum
a very high upper zone, or to give/strength at the center of the rovof; in order
to support an ornamental construction there (roof comb). (Fig. 10), Fortunately,
such vaults leave evidence behind, even after complete collapse, in the form of
very deep debris on the floor., Thus, dven if the vault cannot be reconstructed
and the aétual load calculated, if the debris is very deep, it is practically
certain that the index, as a time-counter, is two "heavy", and not too li:zht.
And wall-span comrarisons between similar buildings should be valid.

A steep vault is equally more stable with a flat one, if the upper zone is
vertical, but if the latter is sloping, is less so, as we have seen. Possibly
it may happen from necessitieé of masonry (cohesion of the mortar) that a
steéper soffit slope must be used to bridge a wider room, with a thickening of
the wall to allow for the résulting higher and heavier vault (Fig. 9). If
such were the case, the steepness of the slope would be a function of the room
~width and would nct affect the validity of the index. In such buildings the
steepness may be termed "necessary." (Fig 3). 1In general, steep soffit slopes
would seem to be "necessary" only where spans are great.

Steep vaults of this sort will not add greatly to the depth of debris on the

floor, since a wide room presents a greater area to receive it. This fact
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is confirmed in one instance at Piedras Negras {Str. J-11).
ge If the vaults are perforatgd with mﬁny openings, or have a great many
deep niches let into them, they are of course, made much liéhter. Such an
arrangement, if present in cuter half-vaults, would reduce the amount of side=-
thrust, if present, and reduce load on the wall. In such a case, the same load
might be carried, and the same thrust resisted, by lighter walls. But the resulting
lighter index would still rsflect an advance, though it would be in economy of
material, and not in reducing mar:ins of safety for stability or load, or in
improved masonry technique. For this reazson, plus the fact that he knows of no
cases of outer half-vaults thus treated, the writer feels justified in eliminat-
ing this arrangement as probably affesting outer wall-span relationships. It

does occur at Palenque in balanced half-vaults over medial walls, greatly

ldghtening their loads and thus reducing the necessary thickness of these walls. .
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This would tend to lower & special index for interior walls, or an index re-
flecting all walls, but, 2s stated, a technical advsnce would still be indicated.
Failure to allow for such openings could only lead us astray in saying how the
advance was made,

h. The use of cap-stones {almost universal) reduces both load and tendency
to side~thrusts. Thelwider the exposed surface of cap-stones (distance hetween
tops of each half-vault), the lowsr and therefore the lizhter the-waulta; and \AF%WKA
the less overhang and consequen%miggﬁgb%liiy:‘ Use of wide‘cap-stones should thus
tend to reduce indices, not to increase them. As between very wide cap-stone
exposures and their entire elimlnztion,_considerable differences in load and
étability may be occasioned by this factor. But halving an exposure of 50 cms.,

which is probably close to the maximum will, for a moderate scffit slope of 28

degrees (abeut-9-inches from the vertical, only increases the vzult height

%
about 22 cms (about 9 inches). Failure to properly allow for this factor whem v
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astray in respect to the reliability of wall-span comparisons. In completely
fallen buildings, the cap-stone exposure may be ascertainalile by plaster lines
on the fallen cap=-stones, which mark the liﬁes where the stone met the edge
of the vault on either side.

In restoring fallen vaults on paper, a cap-stone exposure which is con-
sistent with known practice at the site in other buildings of the same type
should be used. It is possible that cap-stone exposures varies in relation to
other elements of design. For instance, short exposures seem more logical with
steep soffit slopes, and they would give a stronger roof to carry roof combs.
But such relationships could only be established by comparisons of large numbers
of known examples, and would probably bs valid only within certain districts,
as esthetic effects are certainly modified by variations in this element. Where
there is no clue whatever, an assumed cap exposure of 25 ems would appear
safest, as being the mean between no expomure at all (which occurs occasionally)

and & probable maximum of fifth centimeters.

Flat concrete roofs resting on beams running from wall to wall weie known
to the Maya, at least at a late period. In the supposed advance toward wider
rooms the architect might logically have replacsd cap-stones with wooden bezms,
By making these beams longer-than was possible with stone slabs he could have
greatly increased the cap exposure and attained a much wider room for the same
wall-span index or he could have reduced the index for a given span by keeping
the vault-height down and eliminating side-thrusts. Such a building would be
a combinaticn of two techniques of roof construction--masonry vaulting and flat
beam-and-concrete. |

In the opinion of Dr. J., Alden Mason, who excavated it, and of the writer,
there is such a structure at Piedras Negras (Spructure P-7), discussed in some

detail below. Failure to allow for such a roofing method (probably very rare)
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might lead us entirely astray in calculating probable loads and side thrusts

on the walls., But the rosulting light index would still truly indicate relatively

late date, at least in a general WaYy o Thls follows from the face that

the single known case where this construction was probably used, it is known

that complete vaulting technique was alrsady well advanced. This instance is

not one of moving from flat roofs to completely vaulted ones, but the reverse.
i. Of course, the greater the thickness of the roof-cap which was placed

over the vaults and the cap-stones which usually connect then, the greater

the load, and in some cases perhaps the grzater the instability and consequent

tendency to side-tirusts. If a roof-cap is exceéslvelj thick, it is logically

possible thzt i® was made so merely to gain a high upper zone in the facade, for

esthetic purposes, with a consequent heavy .effect on wall-span ratios. <It is

the writer's impression, however, that variations in roof thiqkness);t% PG

Je High walls offer less resistance to side-thrusts, if present, than low
ones (Fig. 7). 1In series of buildings where side thrusts exist, or may have
existed, a high wall (hizh vault-spring) would tend to be made thicker in order
to meet the thrusts. The higher the wall the greater‘the load on the bottom
courses. The presence of markedly hizh walls then, would tend to make the index
"heavier", but not lighter.

k. The presence of piers in the facade--sections of wail between closely
space&tmultiple doorways--imposes no more load on masonry than occurs at the

Jambs of isolsted doorways. However, if the vzults are unstable, perhaps the

pder_is_less gble_to resist_side-thrysis, _ibe_masagnry_forpipg.a_dgor jamb.must
Bty R0y BOROLAR B PR o L b e e s
meet the thrust of the vault immediately over it, plus the thrust over one-half

of the doorway, transferred through the lintel to the jamb. Although the
pier is nothing but two door-jambs brought close together, they are not anchored
to long solid walls which meet'only a normal amount of thrust. This is probably
a matter of minor importance. 8o far as it would have any effect, the use of

piers would tend to make the index "heavy™, never the reverse.
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l. The greater the doorway width the greater the load on, and the side
thrust (if any) to be met by the masonry at the jambs. Each must do one-half
the work of the section of wall which ha: been left out to form the doorway.
This fact was recognized and allowed for by better masonry at door-jambs. Wide
doorways, therefore, reprssent a theoretical advance, and mizht tend to keep
the index heavy, never the reverse. But doorway widths can only be compared :

L™
if lintels are of the same type. Wider doorways can be bridged with wood\?z;n
with stone. Yet stone may be preferred because of its permanency, or for
other non-structural reasons, at a time when wider wooden-linteled openings were
possible. The limiting factor on doorway widths was probably lintel strength
rather than lozd or thrust on jambs. The effect of this factor on wall-span
dimensions was, therefore, probably slight, or nil.

m. The use of small square or round columns (as distinguished from piers,
which are merely sections of wall) increases the load enormously. This is
especially true where they are used in multiplevrande buildings to carry beams
supporting inner balanced half-vaults. Where used in the outer facade they

—--_---——---——-_-——--—_—-.—--——_-—--—_—-.--

are especially ill adap%ed to meet side thrusts. From the point of view of either
stability or strength, therefere, any building making full use of them is prob=-
ably to be considered far more advanced technically than one which does not.
Comparisons of wall and span dimensions between such disparate buildings could
hardly mean anytﬁing, though actual calculations of loads might be comparable
Possibly an index showinz the ratio of the column thickness to the vault-span
mizht be significant when appliedionly to buildings using the column.

This element, at least below vaults, occurs in but few sites, and probably

only in the latest periocds of those.
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Ne Pillésters or buttresses within the rooms ma& help to support the vaults
and so lighten the load on the walls, and decrease side thrﬁsts, if any. Their
presence might allow an otherwise impossible reduction in the wall-span index,
not the reverse. Thus, if they are associated with a heavy index instead of
a light, one should look for high steep vaults or roof combs, as the probable
reason for the massive construction, rather than an early date. (Structure 20 at
Yaxchilan, Fig. 25)., If associated with a light index they are probably deing
their share %o make a wide vault possible without excessively thick walls, In
some cases careful examination may show thét buttresses are secondary and non-
functional. In such cases of course they have no effect on the index. To avoid
misconceptions from reading gpound plang, sections, and elevations, secondary
or non-junctional featurss should be distinguished in the drawings, or described
in the text.

o. Transverse partitions, cutting a long vault into small rooms, have the
same effect as buttresses, as do the ocuter end walls of very short chambers.
Short rooms therefore tend to permit a lighter index. But transverse partitions,
like buttresses, may be secondary or non-functional, or both, and this is es-
pecially likely where they are very thin.

p. Beams running acrcss from half-vault to hal®-vault (Fig. 1) will not
affect the load on the walls, but if the vaults are otherwise unstable, might

reduce or eliminate the side-thrust. If stability of the vaults was the limiting

factor, it is possible that the use of such beams may have made a reduction in
the index possible, but not the reverse. Siﬁce vault beams seem to be nearly
universal in stable as well as unstable vaults, and both types are found stand-
ing: after their decay, it is probable that this factor may be safely disregarded
as selectively modifying wall and span dimensions, especially where vaults

are stable without them,
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q. Roof combs--ornamental constructions on the center line of the roof, or
straddling it, if they are placed over a room, of course a.ud both to the load
and the tendency to side~thrusts. Where combs are present in this position,
and appreciable in weight, the wall-span relation must be heavier than would
be otherwise possible. (Fig. 10). But if they are placed over an inner wall
and entirely supported by the balanced half-vaults on this wall, no side-thrust
will result and no extra load wkll be transmitted to the outer walls. (Fig. i
In such cases there is no necessary effect on the outer wall-span index,
(unless wind-pressure on the comb was allowed for) though there is likely to
be on an index reflecting the inmer wall thickness. In any case, roof combs
would affect wall-span indices in only one direction-~tend to meke them heavier.
Where the building has collapsed, a roof-comb, like a high vault over a
narrow room, will add to the amount of debris forming the resultant mound.
Vaults may te high and bulky merely as the result of roofing a wide room
with a practicable soffit slope angle, and the debris on the floor may be
expected to be a little deeper where the span was great. But with a wider
room there is a greater érea in the room to hold the debfis and such differences
are probably not great. Since, with a given standard of technical and theor-
etical knowledge, a short span can be bridged with less material, when deep
debris deposits are found over the floors of narrow rooms, there is a strong
probability that the extra debrisj unnecessary for meeting the mere problem
of roofing the room, comes from an unnecessarlly high and steep vault, or a roof
cémb, or a combinaticn of both, Sfated in another way, if two entirely fallen
buildings are compared, each having the same room width, but the debris in the
first is twice as deep as in the second, the first probably had a high vault
or roof comb, or both, the sedond not. Their presence in the first examgle would
cell for thicker walls and a higher index, or buttresses, partitions, short

rooms, or all together, alghough both buildings may have been contemporary.
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The maximum and minimum depths of debris over the floors of fallen buildings
 gshould, therefore, Ee carefully noted. When used with an eye on the actual
room width, it may in some cases be possible to say with assurance that the
wall-span index of certain buildings is heavier than was structurally possible
at the time, had high vaultsuand/or roof combs not been desired for aesthetiec
purposes.

r. A "flying facade"--an ornamental wall placed on the roof, but over an
outer wall, increases the load on that wall, and might thus raise the index on
that side. An example of tnis is the Iglesia zt Chichen Itza, where no such ef=-
fect is discernible., Such ornamental walls are not very heavy and this factor
probably has little importance. In any case it would operate only on the index
involving the wall below it.

s. Placement of a second story wholly or partly over a vault beneath it,
will operate like any other heavy construction on fhe roof, except that it is
likely to be greater in amcunt. If part of the extra load falls over the
lower woom, stabiiity will be lessened. In any case, the lcad on the lower
walls is increased and a hizher index would be expected.

t. Wnere excavation has not resclved the mater, the desire to use old walls
as a matter of convenience, or to alligm a new building with an old, or to make
an addition €onform with the mriginal structure, may determine the wall thickness

or room width, ‘or eveﬁ beth. Two cases where this occurred at Piedras Negraé
are mentioned below (Room 1 of Str. J-6 and Room 6 of Str. J=2). This doubt
may be eliminated by excavation if this is possible. And for probably the ma-
jority of buildings, merely reading the plan of the building and its environs
will rule out this possibility. If a building stands entirely free of other
buildings and substructures, and the plan is a logical whole, it was probably
erected at one time, and without reference to wall and span dimensions of other

buildings.
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This factor can operaﬁe only to meke a building more massive than it other-
wise might have been, by keeping walls thicker, or rooms narrower, or both, never
the contrary. The presence of old walls might concievably suggest the eréction

of 2 more zdvanced unit, but would then be merely the motive for the advance
indicated by the index.

u. Mere spacial limitations of the site may effect the room width. This fac-

tor may operate in ccnnecticn with the use of old walls, but in any ease, has
an effect in the same direction--to narrow the rooms. It could not have the
effeet of thickenin; the walls, but on the contrary, would give an added
motive to thin them, in order to make meximum use of availuble space. Where spacial
limitations are suspected, £he direct comparisons of the outer wall thickness
are probably the best guide. WYhere the wall is thinner than is common at the
site for buildings of similar indices, the index is likely to be heavier than
was structurally possible.

Where the plan shows buildings standing free of others, with plenty of
room either to the front or the rear, there is little reason to suspect that
limitations of space have affected'the index.

ve Function may interf:re with an orderly advence in design from a struc-
turally possible point of view. Thus it is possible that religious conservatiam
might keep a temple relatively massive at a time when architects were free to
go the structural limit with.palaces. ‘There seems to be no structugal reason
for the extremely heavy construction of the front parts of the famous Temple
I to V at Tikal. PFor this feason, the surest compariscns will be between
buildings of similar function--tc be determined in our present state of knowledge
by similarity of plan, position, gnd interior arrangements. This is merely to
say that wall-span dimensicns or ratics, even after the hurdles listed above
have been eliminated or jumped, may still mislead us when they are used to lock
two series of buildings together, the series comprising buildings of differing

function.
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With such & list of disturbing factors staring us in the face, some of
which may work in one direction, others in the opposite, in various combinastions
and 8ll on one building, wall-span comparisons should be made only with the ut-
most caution. They should elways be checked with all other available chronologic
criteria, and immediately suspected if they do not agree. Tais means each site
should be studied as a whole. Not only may inseriptioned, ceramic, and other
architectural criteria be brought to bear on the dating problem of a building,
but such matters as objects cached in the floors, the types of alters permaiently
fixed in them, or types of associated buildings. And they should be applied
to as many structures at each site as possible. If it is possible to show for
& number of buildings that these extraneous factors cannot be made to account
for observed variztions in building massiveness, a chronologic interpretation
seems to the writer reasonable secure. It is especially so if other criteria
are in agreement. If such a development in time has been proved for the site,
it is much less dangercus to accept chronologic significance for the indices of
a few buildings where extranecus factors remain unknown.

To make analysis of the buildings discussed below mcre easy, the disturbing
factors discussed above are set down in the check-list forming Table 1, but in
@ more convenient order, based on their effect on wall and span dimensicns.

The first nine--high vau;t springs, roof combs, columns, use of old walls,
thick. roofs, use of piers, wide doorways and flying facades--can operate only
to retard the theoretical progressive thinning of walls and widening of rooms,-
and thus to raise-the indices here used--that is, to cause the index to register
too early a date.
- The items ten to fourteen--pillesters, partiticns or short rooms, vault
beems, veult openings, wide ceap-stone exposures, tend only in the cpposite
direction--tc reduce the indices.

The next three, items fifteen to seventeen--sloping upper zone, flat

6)! é'(l'w, imat mtf qu%.;;,ff‘
vaulte, inset upper zene, also tend to reduce the indice%\except in c sases

where their presence on a thinner wall would leave two smell a margin of safety
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in the matter of stability. 1In such cases they might lead to thicker walls or
narrower rooms than would otherwise have been poscible.

The amount or force of these factors, separately or in combination, can,
of course, only be calculated from completely known cross-sections. Where this
can be done, the best indices of progress would be actﬁal loads per squaré inch,
and the actual mergin in pounds of force per unit of wallkbetween actual side
thrusts and those necessary to cause wall collapse in each building.

It appears to the writer that lack of knowledge of guantitative measure
of side thrusts is the most likely source of error in the interpretation of
wall-span indices. This applies especially to buildings where side-thrusts are
of considercble amount are actually present, and the indices are most likely
te be wrong chronologically wh;re these ratios differ least in amount. The
reason for this special danger is the fact that gfeqt side~thrusts are most
likely to result from flat vaults, slép%ng upper zones, or inset upper zones,
especially the three combined; and the fact that, if vaults are fallen, no

trace of their former presence'is left in the debris. guch vaults in
themselves represent an advance in economy of material., But they tend to raise
wall-span ratios, in order to allow for the large thrusts and thus to hide this
progress, or to actually record a non-existent rezression, where we have only
the walls and rooms as a gui@e.

The indices may in such a case be veluable, nevertheless. If large thrusts
are suspected only in a group gf lighter buildings, proper allowance for them
would only show,lif anything, that the gap between the two groups of indices
was too small, It Would not vitiate the indication th:t the lighter group is

the later. Likelihood of error on this score only enters when the unknown
thrust-producing elements may have occurred in both groups under comparison, or
in the heavier group.

It appears to the writer that even where factors such as sloping upper

zones, flat vaults and inset upper zones occur on relatively heavy walls, they
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may be safely disregarded if it is known that the vaults were nevertheless,
stable. Tt is improbable that an architect would thicken his walls, or narrow
his rooms, in order to resist a non-existent thrust. A thick wall (unless it
is very high) would appear to have an adequate margin of safety for stability
until the combination of factors in vault design which tend to produce thrusts were
strong enough to move the center of gravity of the half-vault out over the room.
If this has not occureped, their only probable effect would be to lighten the
vaults and permit a thinner wall or & wider span. If the wall is made thinner
on this account, or the span increzsed, the lcad per square inch on the wall
might remain the same; but the resultant lower index still represents progress==
in vault design rather than in mesonry technique.
Items eighteen to twenty--unnecessarily steep vaults, negative batter on
the upper zone, outset upper zone--tend to increase the indices by adding to
the load. They have a stabilizing effect, and from this point of view tend to
reduce the indices. But in the first of these three factors this stabiliting
effect is ruled out as a disthrbing element by definition. If the steep soffit
slope is for purposes of stability, it is either balanced by another element of
opposite effect, such as a sloping upper zone, or it is caused by the great
width of span in relation to wall thickness~-that is, it is one way among others
of achieving the advence reflected in the index. By "unnecessary® in the table,
we mean that this was not the case.
Space limitation and functicn (items 21 and 22] are put last because they
have no reletion.to structural possibilities, although they may affect the |
dimensions in question. Space limitation furnishes an added motive for reducing

wall thickness and therefore the index. If this does not happen to a sufficient

-

degree, stability will be raised, but only incidentally. This factor could
operate, it seems, only to raise the index by keepiing the rooms narrow. This
effect mey be pertly or wholly negatived by thinning the wall. Differences in
function might keep the index of one building heavier than another. But when

thought of .
4 In pdati i
lon to the lighter buildinn, it would pe ly
g mere & motive
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for the structural advance.

In the check-list (Table 1) we have, for convenience, listed these plus or
minus effects on the indeces in three columns. The first two suggest the prob-
able effect on the stability, of, then on the load carried by, the outer wall.
The third column indicates the probable effect on the load carried by interior
wells supporting balanced half-vaults. Finally we have indicate#after a number

of factors the probability that their effect either way is slight.

Before examirBgwalls and spans of & number of vaulted buildings at Piedras
Nepras and Palenque, it might We well to point cut that all the buildings to
be compa¥ed must be known to have been vaulted.

this fact can be read from a plan only when the room width is so great,
or the wall thickness so little, as to be incredible in & vaulted building in
the area in question; or where believable thicknesses and spans are so combined
as to yield an incredibly low wall-span index. We cite unpublished exmmples
of the first and last of these possibilities from Piedras Hegras:

Structure K-5-3d, excavated in 1932 by Dr. Mascon, is a sinpgle chamber
temple yielding a wall-span index of 22 per cent, which is only one point below
that of Structure P-4, a surely vaulted building. The front wall thickness is
1,10 m but its span is no less than five mefefs. Surely no such wide vault as
this was bullt in the Maya "01d Empire" yielding the "late" index for a building
twe periods earlisr than the-heavy vaulted temple K-51st above it.

Structure Vel-2nd illustrates the last, perhaps also the second, possibility.
"The span is 2.60 meters, known to occur elsewhere at the city among vaulted
buildings. But its wall is only 35 cms thick. This might possibly be used in
a light and small vault i, but not in combination with & wide wpan which yields
an index of only 13 per cent.

At the other end of the scale, evidence from the plan alone fails entirely.
While it may be admitted that heavy walls and narrow rooms were & necessity

in vaulted buildinsg, until vault techniques were advanced, they were used

for other reasons. What those
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reascns were, and whether wall-span ratios have dhronologic significance
' when applied to non-vaulted buildings is outside the scope of this paper.
The following instances of very heavy indices in buildings at Piedras Negras,
proved to have had non-vaulted roofs by excavation, will establish the point
that heavy buildings may have been non-vaulted.

Structure U-3, which is double-ranged, has outer wulls 1.20 meters thick,
a2 medial wall 1.50 meters thick, and rooms 1.70 meters wide. Tue resulting
outer wall-span index is 71 per cent. Structure R-3 is & single chamber
temple, the front wall 1.30 meters thickj; the rear walé}iollapsed bt also
very tnick. Yet the chamber is only 1.50 meters wide. The front wall is the
thickest known at the city and the outer index for the-pkint the heaviest--87
per cent.

Where buildings are entirely collapsed the former presence of vaulted roofs
may be detected in a variety of ways, not all of which are available everywhere.

The most universally available test is the quantity of debris on the floor, s
A vaulted roof forms much more debris than a thatched one and tc a somewhat
lesser degree, than a flat beam-and-mertar roof.

Cap-stones are almost universal and their presence, if identified with
certainty, proves the point. In the Usumacinte region, and probably generally,
they are long thin slabs, with the long sides more or less parallel. Morris

reports them as of a specialiy hard limestone at Chichen Itza.

Where vaults are faced with blocks, the faces beveled to foblow the soffit
slope, they will be present in the debris and tell the story. They occur at

Copan, at Yaxchilan, and doubtless elsewhere in the "0ld Empire"., In northern
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Yucatan they are further specialized into boot-shaped "boveda" stones. But
their absence can hardly be relied@, unless confirmed by other criteria. While
present in the Yaxchilan building éited, they are absent in many if not all
tthers at that site.
Where, &s is usual in the Usumacinta and at other sites such as Naranjo

in the Peten ahd Coba in northeastern Yucatan, the vaults are faced with slabs

but roughly worked, these will be found in quantity, especially nesr and on

the floor and they will be mingled with much disintegfated mﬁrtar. Often a
number of slabs will be found more or less flat against each other, or actually
still cemented together as they were in the vault. They will be found on edge,
at various angles, and in horizontal positions. If slabs are present in quantity
as indicated, they come from a fallen vault unless the walls themselves were
largely built of slabs. In such a csee, if a vault wés not used for the roof,
the number of slabs and the quantity of debris generally may be expected to be
less than is usual, and mortar will probably be less in evidence. In doubtful
cases, standing portions of walls should be examined as possiile sources of
more of the material found on the floor.

Fallen ¥aults tend to leave a debris deposit light in color, especially
toeward the bottom, due to thé large quantity of mortar in the interior of the
vaults, end in the roof-cap, and to the debris depth which, after the collapse,
protects the lower psrticn-from the darkening effect of decaying vegetation. This
is so at Piedras Negras, at any rate. But beam-snd-mortar roofs probably would
produce lighter colored debris also, and this criterion is perhaps not reliable.

A thick layer of disintegratsd mortar and smell broken stone, lying be-
neath all stones suitable for use.in walls or vaults has been interpreted at
Piedras Negras as a probable sign of the bezm-and-momerete roof. This was found

in the massive temple R-3 mentioned above, which was excavated by Mr. David I.
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Omram, Jr. of the University Museum's 1933 expedition In a vaulted building,
vault-facing stones (either specialized blocks or of siabs many of which are of
some size) are bound to fall to the flcor before much roof material can have
reached it, and many of them should be found in actual contact with the floor.
In the case of a beam-and-concrete rcof, the latter may be expected to drop to
the floor first, as the beams decay, the wall stones falling on this layer
latter as the walls gradually decay. Some slabs might of course be used in a
flat roof, but their quantity would be small, and they would be less likely to
be found on edge. The best way to study debris, if excavation is possible, is
in cross section. If the side of the trench is properly prepared, its character

can often be satisfactorilys recorded by a phdtogr&ph.

The contours of the debris, even before the floor level and consequently
the depth was known, have been used successfully at Piedras Negras to predict
the absence of vaults, before excavation.

Where walls are of masonry but roofs are supported by beams (whether
pitched and thatched or flat and capped with concrete) there are no thrusts
on the walls. The roofs will fall in first leaving a relatively shallow deposit
of debris. The walls then disintegrate gradually, except where a falling
tree intervenes, and the debris tends to fall straight down, forming ridges and
humps ocutlining the walls and-piers respectively. With vaults, the collapse is
more likely to be sudden, with outwsrd movements of the upper parts of the walle
and piers as the vaults fall inward. The mere quantity of debris tends to ob-
scure the ground plan, It is of course possible to follow the ground plan in
many vaulted buildings, where the walls and piers and portions of the vaults
actually protrude through the debris. But where they do not do so, the plan
cannot be followed under the more or less rounded contours of the mound. On the
other hand, in four cases whe:re the plan could be so followed, no actual maSoNTy

was visible and excavaticn eliminated the possibility of fallen vaults. The
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converse is not true. We have dug in mounds of ncn-vaulted buildings which
yielded no clue to the plan. One of these was Str. ﬁ-S, which presented an un-

usual emount of wall material, and a narrow chamber to hold it. But another

It is a combination of the above criteria which led us to believe that
Structure P-7 at Piedras Negras, mentioned above, must have had & combination
of vaulted and flat beam-and-concrete rcof. The span, 3.70, iscpossible but

greater than anything else known tc have been vaulted in the three prineipal
cities of Usumacinta area. On remaining vault remnants, the soffit slope was
steep, (22} degrees) and if restored fo the héd:ht necessary for cap-stone
exposure of 50 cms., they would have been unstable in the extreme. They
were combined with inset upper zones and walls higher than anything else at
Piedras Negras. Front doorways wewe 35 cms wider than any other at the city,
yet their lintels would have had to carry heavier half-vaults than'any others.
Thkse factors of design need not have been introduced, yet they made such an
ambitious veult, difficult anyway, more difficult. Negatively, the architect
did not infroduce pillasters or partitions, and the rooms werze long, and there
were no beam holes up to the {so far as known) vault height of 1.25 meters,
any of which might have bdded to stability. The outer walls were not particularly
light ( cms thick) and yielded an index higher than others at the city.
However, this might be a function of their greater height. The design, then,
was such as to add weight to the suspicious wide span. The debris, we think,
givesithe prcof.- ‘

The debftis was entirely too small in quantity for such a large and high
" vault. No cap-stones were observed. In the center of the right end of the
front room (the left end wus not ezcavated) there were no vault slabs whatever.
This was presumably, because here the balanced medial half-vault still stood

to its original height. The front vaulting apparently fell almost entirely out-

side the building due to settling :
g and outward lean of th
e frontmalls
ki B
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complete half-vault of the required height must necessarily have fallen in on
the flecor. At other points where vaulting slabs were present in the debris,
they lay over 8fthick deposit of crushed lime-stone and mortar which included
a few small slabs, unsuitable for vaulting purposes. And they were too few
for a fallen complete vault,
All of these indicated what was already suspected--that the vaulting, where
it had not fallen entirely, had not, in large measure, fallen et all, This
was confirmed by a fairly level surface on the top of the right unit of bal-
anced medial half-vaults; and especially broken thin slab-like fragments of
hard conecrete, %@mortar and river gravel, the latier unknown elsewhdre in vaulting
mortar. These were found in largér pieces, with a smooth plastered finish
preserved on one side, immediately on or clbse to the flcor on the center line
of the front room, et both cross-sections examined. River pebbles from such
a concrete plastered element~-(05viously the roof surface) were found on and close
to the floor wherever the debris was exemined. By no stretch of the imagination
could a completely vaulted building so coi.lapse as to spread its roofing material
more or less evenly on the floor; and on the newly exposed surfaces of the
lower parts of its vsults after the tops had fallen off.
The writer has summarized this unpublished datd, with the kind permission
of Dr. Mason, who has its proper presentation in preparation, tecause he be-
lieves the building at present is unique, and has its importance in reconciling
negative debris tests for fallen vaults with vaulting actually to be seen on the
walle, If this technique was ever used on narrower rcoms, or lower walls the
wall-span index might be very greatly reduced below the limit poessible for com-
pletely vaulted rooms. The practicd seems to be an advanced one in itself. Like
the mansard ro.fs of Palenque, it eliminates roof weight, but without consequent
side-thrusts and here permitted a wider room than anything thus far known there.
An included nicely vaulted central sanctuary rules out the possibility that this

building represents a transition step from flat tcward vaulted roofs. The outer

wall=span index i
of this sanctuary is not the 1i
is #e lightest in the cit
1ty (there is a
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doubtful one of 18 and & sure one of 23 per cent.) But it must be discounted
for several facteorss possible desire to economi ze space; possibly function;
aﬁd it supported a second story of considerable weight, almost certainly of
the same semi-vaulted type as the principal rooms., This vaulting was designed
on the balanced half-vault principle on all four sides, which added considerably
to the weight. The index of this little mingle-chamber unit is, therefore,
insufficient to dispel the suspicion that this building is one of the last in

which the vaulting principle was used at the site.
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