is a horizontal force and ﬁf
Ty,yust on the walls /has only an indirect connect with the

weighﬁ of the vault, and results from the manner in which 2227ialfpvaults
are supported. It will be helpful to think of the weight of each vault
unit as acting straight downward through the center of gravity of the
unit, and at first to disregard the fact that the unit is trylng to

fall down as a whole, ®& Let us assume that we are giants, or better,
that we are observing the behavior of scale models, and that at first

we are. going to support them, not on their bases, but on wire axes
passing through holes bored longitudinally throvgh sections of our

model, cut to a convenient length. Whatever such a piece de s, the vault
unit under discussion would do as a whole, unless supported by parttions,

end walls, pillasters, cross-beams &C., which we will rule out of the

discussion,

model of *
Pig, 1 is a cross section of a /balanced dauble-hatf vault such

as are found everywhere over interior walls, gerving rooms on either side
of the wall, It is supportfon a springy wire rising from VM% a base on the

‘table, and benet at a right angle to pass through a hole in the model,
The wire is stiff enough to support the dead weight of any of the moedels

we shall put on it, but will bend if we push against it side-wise,
The hole passes through the center of gravity. If the position of figure

1 1s changed to that of Fig 2 (or mgother)the vaglt will stay in the new



position, because all of its weight operate§ through thé center of
gravity, which is also it>point of support. It is free to revolve

about the axis but does not do so because there is nothing to move it

-e

its weight, st%ight down, i1s met by an equal force straight upward
through the wire, It might be well for dirt archeologists like the
writer to remenber that in his physics class he l~arned that whenever
an object is in eguilibrium, every force acting upon it must be

met by an equal force acting in the opposite direction,

Now if we teke the model off the wire axis and place it on its

|
{ e oy ¥
bage on \SEeM 'y

in-a modelkwall, it will aXxxxkxi¥X not only stay put, but will resist
any force tending to move it, It will resist being sliﬂgside-wise across
the top of the wall because of the friction caused by its weight (which
in a real vault is x=x great). It is hardly necessary to remark that

it will resis t being 1lifted straight up by the amount of its weight,

*

In addition, it will now resistf beidbng turned to the position of

dsme :
Figure 1. As soon as this 1s sbeempbsd (Fig < ) the point(a)becomes
Lovhpt? Ld w 1"“‘»

(a fulcrume. §€he corner cannot descend a 1ittle as it did in Fig 1 as |

because the wall is in the waii way,
cpposed=to F12>2 . Tyérefore the center of gravity has been raised as

the whole mass is revolved about point(a) instead of about the center of

gravity, This type of vault section not only has no tendency to fall off



W

the wall, but actively insists that it stay where it 1s, despite the

fact that its support is well below the center of gravity
_the hole, j

which of course moves the center of garvlty away from¥
Now let us sliwe off one of the half vaults,and put the model
Pre-eontevr-of-gravikt-has-movesd
on the wire axls again, hoXdkmEgzitximzikhaszuprixhkzmeziktangz It will assume

the position of Fig £ Dbecause, being free to revolve on the axis, the

Dot

welght, acting through the new center of gravt¥ty, pulls the latter o & P
below the support. Now let us remove this vault section and place a

wall a v
corres: onding/model on the-wire axis, passing the latter through the

center of gravity of the wall, and adjust it to a vertical position,

It 1s free to revolve about the axis kimzkhikzsxexzzzaerberxefzgravityzxizex

but will stay where it is put

as did the vault section ¥ in figures 1 and 2, %since the axis passes through
the center of gravity and the mass is a balanced unit, no matter what its

i pass Y
position on the wire, W_ will adjusb another Wiae axis through the half
vault of Fig 5 so that, when in a erect post tion, the base of the vault
just touches the top of the wall, but vwithowt mmyxwaighk all the we!oht
supported by 1ts own upper axis, Wall and vault are free to revolve, each
on its own axis, provided one does not get in the way of the other,

But a glance at Fig 6 will show that they do.For the half vault to take the

positron &f Plg 5, 1ts lower corner a must descend into the wall, For the



PR |

s wall to move counter-clockwise to sllow such & movement of The vauls,
its corner (the same point a) must rise into the vault.dzgwis clear

/
therefore that thils mmx combination will remain in equii?fium when

.
~

the wire suports are removed and it i=s simply stggd“ﬁn the table

——

(the previously prepared floor in aﬂygaiwﬁéya building). Byt the

=mk situation is not thgﬁaéﬁ; as 1t was with balanced half-vaults

o

(Fig 3). Bx= ﬂgrigthe single half vault still tends to assume the
positiogfaf Fig. 5, and tends to do so with a force equal to the

total welght

~—\_ The combination is in equilbirium, but the half-vault still

tends to assume the position of Fig, 5; and it tends to do so with
a force equal to the weight of the whole vault multiplied by the

horizonzal distance of the center of gravity from the supporting axis. |

e ta
(1)

The axis 1s a fulerum, the horizontal distance to the vertical wakgkk

(hr-c)
line through the center of gravity 1s the lever, since the whole welght

...

acts through this vertical line,
: - P 5‘ Ty 21 3 J =¢
Now let us)shape the top of the wall and the bottom of

the wvault so that the movement indicated can take place, We will

paste felt over each of these gsurfaces go that one cannot simply side



slip E¥xXEMSXGEK&ER 2CTross the other, The felt represents frictionpy anmd
Ebr the sake of simplicity we will assume that this operation has not
'changed our two centers of gravity. The vault will ggslbegin to assume
the position of Fig 5. In doing so it will act 1ike a cog on the wall,
which will be moved to the position of Fig 7. This figure is ¥J meant
to illdstrate the fact that in figure 6, X khawghxkRexuxixswgrerks xne

even if we eliminate the downward pressure of the corner(a), which it
5 £ .y od M (
\ ;Ctn“;{f‘ {f\:z }“g,“ % l"k“‘ﬂk”" A RAYW g D W (J
exerts on the same corner of the wall, there remains a horizontal

side-
force - the thrust - acting on thewall, so long ag we do not eliminate

trac tion between vault and wall, Pig, 6 is in mmux¥® equilbiium not
only because the wall is strong enough to prﬂvent point (a) of the
A #h hﬂ,““{‘ uj “"‘fﬁ’ Fan e fq o f,;r‘FV?'*v»* ‘”\Js\,&\r\\& (}Qf r—‘," "‘ru‘n / \pisa “Ppaciiiandt ;5,%'?‘—“»’{:“‘4_4
L ww ! v
vault from moving downwardx ou#‘ @causeﬁﬁg is stiff enough to resist

the wo il

the motion of that point horiZOntally outward.gfi3 SHOSEAWDFS WEEI A jg

o i8S 1 a4 e \ . <7 {
[ g v \/

" 3
; ot boyandn A

Ir is clear that if we take the combination of figure 6 off the
wire axés and set 1t up on the table, it will stand as did figure 3, It
1s still impossible to tip the vault about point(al, The center of gravity,
. no longer imxkRexgsmkarx@fxkka - over the center of the‘wall, is still over
the wall, The vault will tip more easily in one direction than the other

but in elther case the center of gravity must be raised, The siuation



differs from F@g 3 however, The wall no longer merely resists downward

pressure, It also resists an outward thrust, We can more easily
on the wall
examine the effect/of this combination of forces smxkmmxwakX in connection
with more extreme examples of thrust,
If we change the form of our vault sultably,we can get its cente:
of gravity imme diately over the inner edge of the wall (point "a"),

Here it 1s obvious that the state of equllbirium of the vaults

of Figs 3 andLQ vanishes, The slightest horizontal push on the vertical

Cgn @& rotadirw 'f"’*u‘f' porrnt a, )

side of the halfpvault will send it over, The center of gravity being

immediately above the fulerum (a), kkx it 1s not raised by the tipping,

but on the contrary lmmediately begins to fall, Raxereskxaxkaxifxyamkx

wikkxERexgenkaexaf xgravikpxacimaxkyxomk xaxar xxiaxegam AS soon as we

make further changes so that the center of gravity is over the room, the
i §
Tis vaull

weight of the half-vault itself does the tipping, and %ﬁ will fall of

at first dpotating about point(d)as an axis,
its own accord, Here azmawzRexcamsamesmgikpxzasxerixziizekfx The force

behind this movement will be the welight of the half vault times the

( ' Io)_j

horizontal distance between axis and center of gravityM as in figure 8,

but here the axis is a real one, Omitting allowanceg for factor of safety

against masonry failure near the edge of the wall and vault, point a
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in the model Xx corresponds to the actual axis about wheih a fu'l
sized vault tends to fall.(Fug “)'
Now it 1s obvious that such a half-vault must be supported
at some point, in addition to its base., W, will put it on a spring-wire 5

axigs,kaxsumirg Flrst let us bring a horizontal force againgt the
Lf“‘"T SL?&&J* ‘o Lbuw‘t\g\rﬁ ?,,p !it"\

vault slope, at the level of the cinter of gravity} (Qn real work

such a force might be axerted by b= ams cross ing from vault to vault).»y
b et is s/ ' 7", 7x-sr~— XXEX
The rotaional force to be met is mmasx weight‘times the line/xx®, kXIMEXAKX

A

c.‘-si oo RS : Dl

S a-

l&ﬂs’ﬁﬁiwﬁﬁgmv&aﬁiﬁaiﬂéée@&neewbe%ween the seme. fn%eﬂmmﬂnﬁ¥iﬂun

‘mé'“c. OQQ‘- gyvrecd ﬂ‘ FRE CEMTEF 1 BpapiFy.
The horizontal force necessary wﬁ%&»ae%éfwrﬁﬁwhﬁhwwmrwxxfreprms Fed by

horim ntal line of-eur—outside-fowes, Our problem calls for an

equal and opposite resisting force, no more, Therefore, letting w

and f the horizontal force,
ecual the vault weight, w x @b equals Z, aﬂi& If we ralise our support

Mx?‘r)p’ Nee ey
kkfh»,‘*Vﬂr'dkf'gL& % ,ga;wvw d horizontal ferce
to the t0p, be-beoox ~ 1: mex and tne necessary/?orce is much reduced
(@ ) EVEl '\’:~ C. # it Pt hia [ - z A . - *ng o
S { ; 7 ) -f' ¥ .4 { 4 ('.,-"i.‘; o (Ot Ayt ff.»" '*-‘f", ,'

I

) The roof cap forms such a hori 7onfa1 survort in complete bulldings,

and we have agreed to leave beams and other extra supports out of the

discussion, A4 long as we do this we may simplify matter © mewaht by

(A Tiv ¥

noting that the lever on which the horizontal counfer-thrgst of the
less the Aergth of T c e ter o grees’y
roof cap acts is eoual to the vaul* height. dbd in our figure),

lever of Yhe voult weghd /s agohe / , b £ £

ol "'.‘."'i



unequal
The application of the fhorizontal forcesin figures

to the side
12 and 13 has beent our spring-wlre axls supports/in unequal degrees,
To keep them stralght we must introduce s horizontal force from
the opposte direction, Here 1t would be well to remember that we
are dealing xXx only with the horizontal Rargax components of the
forces involved, The vault weight (stamw downward) wass one of the
factors determing the amount of rotational force, kxxkhaxkepyx whare
ﬁ%xkhnxkknnxpaxximgxxxzxeaxigzkhxnnghzkhazxznhxzngzgzxzizx, This
turning force is tangent to the cipcle of rotation,xkkxbxizzherxizembak
KExary painkxakexxxkhe about poibt(ad and in km=x Fig. k3 point
w tends to go down a3 well as to the right, The only way to 1sclate
the horizontal forces is to karx take the half vault off 1ts But the
vault is rigld and our horizontal force is transmitted 6 through it
to the point 4, were it meets the full rotational force, hefeéhorizontalv
in the opposite direction (becuase d is ambove the fulcrum and the tangent
i3 here horizontal}) The spring-wire stands have bent until the stress
on the wire is equal to the forces f and f-f! in each case,

There are three forces at work, apart from the spring in

this wire. Ti straighten it the only way consistent with known Maya



out the wire
/%e can push point (a) to the right, Confining ourselves to Fig 13

what horizontal
we must find wifat force applied to point(a)will neutralize £ - f!, 7o

Now 1f one horizontal thrust is to be neutralized by another, purely
@fxgmmrse actually the weigsht has been helping to bend the wire support
vertical forces can hav nothing to do with the ma tter, And it 1is a

purely korlzontal force we are after - side thrust,
anc -be-stiminabe —-thts-we will The begh way to visualize this will be to

shift our vault unit to a newy spring wire stand, with an axis passing
this time through the center of gravity., We will assume that the spring
has the magical propoety of being able to support the weight of the
vault, but will neverbheless pres-nt no resistance whatver to bening

to one side or the other in response to horizontal forces, This eliminatex
point a as a fulerum, whichy is proper, since all it does is to furnish
vertical support to the vault,
The moedel willl stay in any pdésition we give it (as in
now
figures 1 and 2) since the axis/passes through the center of gravityd and v
we are ‘*hus assured that the actual welght has no effect on the horizontal

forces we are investigating.
When we apply the force f of Fig, 12, in the same way, the support will

bend indefinit«ly, without changing the position of the vault with
reference to its upright position, Now by an act of imagination endow the
vault with the same rotational tendency it had in figure 13; that i1s,.
tangental

a/force mxxxakx equal to the effect of w x ¢b when applied at point 4,

Tﬁis of' course, is the same ag f-fL of Fig. 13, but in the opposite girmeki

direction, It is perfectly obvious that now this force Xx will rotate thae

the vault around the center of gravity (the new axis) not around point

2 as in Fig, 13, RaxzaxfxfR To prevent rotation we must introduce we must



make the £ffect of kka a horizontal force below the center of gravity
equal to f=-f', If we choose to place this at the base, the lever

the horizontal force gh
on which ¥t will act will be ef, and its effect ecual to cg, whdih is
the-vault-heizht-less~ the height of the center of gravity above the
vault spring. If is obvious that if, mzxhkmxmx the center of gravity
%% is at half the vault height, the force necesary at the base to
prevent rotation will the equal to the f-f! applied at the top,

stop the latter from moving out (to the left in Fig 14) will be

rxuakxeguakxkex since the respective levers, ce and cb are ecual, If



L aucw/&’bzoljwo B ;&W'—,g% 5 Mr{r‘(o

ﬁj wstitle | M& S %WM Huals | v

M”m M‘V"' s wi)*"#cwf@w@ (rodlam .
Iy oM crusd e mant |

= o el o oo Do) ke Fhg s (o0 Feb))

Te %J : «43;@96; R R Y Shine¥ e i JMM&W '
o BB, con iy frawed 0T Mg s co bbbl iy T
Pnsge budl) “prdy #0 o Vore aud gumt the $Wﬁm o f“? l

Tty 3 e

el st P il slibon Febls (oo Ghaais ) cindin oo sl
onsd! tfm vl &Md&uﬁi,wm Ao . S
\E_{i ¢ Fa _QWJW JWWIM\LW&“ ?‘Mm & piitolle s

3 s d";{ ot *&M?fé ﬁﬁcvfw e lrpeit o

Rrar A% &
d W‘l b |

&



VW XSk

[Pty

7‘5

g

L= O e R S (RS







.‘\', "J: ’Jmm V“Q‘q T’L‘ Wmu o '*ﬂo-f gtwfﬂm,,;h stand !

e *hwﬁymwamumw ny 10, M"W"@ §r@r{(ww Fegﬁ
Al we diga gand the sffpcts f Movs inanken, Ho 51 Housd m@f‘)ﬂn
ot ] oD ofptnre o the D Pmm Mwﬂ.w '
! mwﬁtw&én‘w\o A Yo W@JM

e C»* any pord e w«»«u‘ Vﬁ&ﬂdwtwﬁ%u"wm@/ca-w é-

' NMM to Ha cincls duaovind ﬁz] Jpoind o Uhe Coaicss ] zsr,\g |
Cacteliia, thagpns o A This twfftl fnce o MA""DM””“ WM
e oD AghD cm\;&o;’o fhe avelind Jums the broatd ak"fwr | annd tho Md-w—a
i P okuouﬁ” cc-o) T%W\hﬁ*wamawd '5-"@\“ M’!W“M‘

i aufboding i vl hass Hhorogh tho Cann f ooy (c) (e 8
'&Mds le Mmapa a ru«M olmaekod Awd) to ’%-W’l' QJ’), WA Ww e
B oo ol hriago Aol Thon Lo F lecomsn sfsbecs o St
W Aot obum . A maD, Mc—wﬁg AJJB-MJ ‘o Hha Mt"‘”‘vcf"‘w \
(wg’\ﬁbﬁwm che) Barico A bug e Asaren Lo el o L
OMWWMMM%*KW ~

we horre - @W#?&MQMJ a‘j%w«z«’fo b0 us smasw
hoos Hovo /26 wa hawe otripcscsd Uy e slo ThornaD agoun. 0MKM7W
W(.‘aa«,\m* ”ﬁ""# 7 00 Ge) Aoa forakod JM%’Q
tho Lo, besseites Aaphding the - ypuntt Sumes o pel? earancs?

pOeeD A, ot Tnds to tzm«(az M@m WL«J\W dmﬂ‘s
Mw«» (Jr) ‘

S,




	PUMu1105_16_16-001
	PUMu1105_16_16-002
	PUMu1105_16_16-003
	PUMu1105_16_16-004
	PUMu1105_16_16-005
	PUMu1105_16_16-006
	PUMu1105_16_16-007
	PUMu1105_16_16-008
	PUMu1105_16_16-009
	PUMu1105_16_16-010
	PUMu1105_16_16-011
	PUMu1105_16_16-012
	PUMu1105_16_16-013
	PUMu1105_16_16-014

