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the skew-back supports are being used the structure consists of
a pair of cantilever portions, one from each skew-back, pin-
connected by a central curved member. This is a perfectly
satisfactory theoretical structure and will carry still more load.
~ Ultimately, however, the voussoirs at the springings will hinge
on the skew-backs and a mechanism will develop which will
collapse. The various loads and positions of pins can be calcu-
lated and compared with those obtained experimentally.

These models show the first pin very clearly, but instead of a
single second pin appearing it is found that two or three develop
at adjacent joints practically simultaneously. The explanation
for this is readily seen if the linear arch is drawn, as it will be
found to follow closely the intrados of the arch for a distance of
two. or three voussoirs, showing that pin joints do actually tend
to form simultaneously in this region.

This model, even if used only qualitatively, emphasizes the
different stages in the behaviour of the voussoir arch :

(a) It is initially a solid arch rib.
(b) It consists of two curved cantilevers pin connected (one
pin).

(c) It consists of two curved cantilevers pin connected by a

curved member (two pins).
(d) It becomes a mechanism and collapses.

There is theoretically another stage between (¢c) and (4) when
the arch consists of a cantilever section and two pinned sections.
This is so near to complete collapse, however, that it is not
detectable on the small model.

A comparison of calculated and failing loads for the pin-ended
arch is given in Experiment Sheet No. 20.

A simple wooden model for demonstration purposes is shown

in Fig. 5.7. It consists of thiree circular segments made of wood.

with imaginary joint lines painted on them. These are hinged
together at the extrados at one joint and at the intrados at the
other, the joints being made complete by fasteners on the oppo-
site face. The ends of the model are pinned. If one fastener is
released the arch is a two-member structure pinned to fixed
supports, theoretically sound and statically determinate. If the
other fastener is released the model collapses as shown in the
figure.
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Fig. 5.7

The linear arch model previously described can be used to
illustrate the behaviour of the voussoir arch, but it is necessary
to use a weighted string to represent the weight of voussoirs and
fill instead of the light line which is sufficient for an arch rib. A

correctly graded weighting is not easy to achieve, but a chain of

uniform weight will serve to show the main principles.
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Experiment Sheet No. 18
THREE-PINNED SEGMENTAL ARCH

Instruetions

A segmental arch rib pinned at the supports and crown has a span
L and a rise L/4. Equal vertical loads are carried at distances a and
b from the left-hand support. Calculate the magnitude of the resul-
tant reactions at the right-hand support and check them experi-
mentally; using the model shown in Fig. 5.1, for the following cases :—

(1) a=o0-25L; b=o0-5L.
(2) a=o0'125L; b=0'625L.

Results

By taking moments about the left-hand support and about the

crown pin the vertical and horizontal components of the required
reaction are found to be

\'i
V== (a+b),
H:?%](L-Hz—b).

The resultant reaction is then vH2 V2,

This reaction is equal and opposite to the force in the last link of
the linear arch and is therefore the load which should theoretically be
placed in the pan of the model.

The string was loaded with two equal weights approximately in the

~specified positions ; shot was then placed in the pan and the loads

correctly adjusted until the experimental linear arch intersected at
mid-span the line diagram of the rib drawn on the squared paper
reference sheet. This indicated zero bending moment at that point
and the load in the pan was therefore the experimental value of the
reaction. The results were as given below.

Experiment] W gm. a/L B/L Reaction
Experimental | Calculated
I 31 o025 075 ' " 138
2 41 0-25. 075 58 80
’ e 025 075 72 -
f4 31 0125 0625 39 388
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Experiment Sheet No. 19
TWO-PINNED PARABOLIC ARCH

Instruetions

A two-pinned parabolic arch rib having a rise to span ratio of 1/3;
carries a central concentrated load. Using the apparatus shown in
Fig. 5.1 determine the points in the rib where the bending moment is.
zero. Verify your result by calculation.

Results
By the usual methods of analysis the magnitude of the horizontal

thrust H is found to be I—E‘%W where W is the central load on the rib.
Since the vertical reaction V is 0-5W the resultant reaction at each
support, v/ V2 H?, is 077 W. '

A load of 52 gm. was hung at mid-span on the string of the apparatus.
and 077 X52 gm., t.e. 40 gm. was placed in the balance pan. The
resulting linear arch intersected the line diagram of the rib, drawn on
the back board, at 3:5 in. from each side of the mid-span. The
experimental points of zero bending moment are therefore 8-5 in.
from the supports, 7.e. at 8-5/24 or 0-354 of the span.

The equation for the bending moment in the rib measuring.x from
one support is

Wx
M= (oL—25%)
where L is the span.

This is zero when x=0-36L and the experimental restult is thus
practically exact.
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Experiment Sheet No. 20
TESTS ON VOUSSOIR ARCH

Instructions

Using the pin-ended voussoir arch shown in Fig. 5.4, determine the
magnitude of the loads which must be applied to each of the voussoirs
in turn to cause collapse of the structure. Compare your experimental
results with theoretical values.

Results

The voussoirs are numbered for reference to left and right of the
keystone respectively. Their weights in ounces were found to be as
follows :— ‘

7L | 6L | 5L {4 | 3L |2l | tL | C 1R |2R| 3R | 4R | 5R | 6R | 7R

6:75| 6:8 | 6:4 | 5:65| 5:15|4°65| 425| 3-8 | 4-20|4°65| 5:20 | 5:70 | 6:55 | 6:80 | 6:90

The span was adjusted to 18 in. with a rise of 4-5in. The full depth
of the voussoirs was 1-45 in., but to allow for the effects of wear on
the edges an effective depth of 1-40 in. was assumed.

The failing loads in ounces were found for each voussoir loaded in
turn and the mean values for corresponding points are tabulated
below with the calculated values and the positions of the virtual pins.

Load at voussoir 1 2 3 4 5
Experimental failing load 080 585 475 40°5 40
Calculated failing load ... 1280 655 480 C4105 42
Pins formed o-1R 1—R 2-3R | 3—4R 4-5R
3—4L 3-4L 2-3L 2—3L 2-3L

Notes

This arch cannot collapse through instability when loaded at the
keystone, but it might fail by slipping at a very large load. When
the load is applied to either of the voussoirs 1 or 2, slip occurs and
premature instability is produced at a much lower load than calcu-
lated on the basis of the formation of virtual pins. The method of
calculation is given in the second paper of Reference No. 16.

CHAPTER 6

EXPERIMENTS WITH SAND

The Sand Table. The classical theories of earth pressure are
based on the assumptions that earth is granular and non-cohesive.
Actual earth seldom displays these characteristics, but dry sand
approximates to the theoretical requirements if dilatancy and

Fig. 6.1

arching are excluded and may be used for the experimental study
of behaviour. Professor C. F. Jenkin!? in the course of a researc'h
upon earth pressures developed simple apparatus which is
described in the present chapter; it is easy to make and is

instructive.
103
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Both Rankine’s and the wedge theory of earth pressure applied
to the design of retaining walls require knowledge of the coefficient
of internal friction of the material and the latter also includes a
term for the coefficient of friction of the material against the
surface of the wall. The experimental determination of these
coefficients forms a useful exercise for the student in addition to
the actual calculation of pressure on the back of a wall.

The experiments are best carried out on a special table provided

- with a ledge on all sides to prevent the sand being spilt on the
floor. This ledge is finished on the inner side with a leather
" coving ”’ so that the table can be swept clean. A hole in the
middle of the table is closed by a plug ; this can be withdrawn
and the spilt sand swept through the hole into a receptacle below.
These may seem small matters, but it is of some importance to
keep the sand from being spread to other apparatus in the labora-

tory. A general view of the sand table with the different pieces
of apparatus is shown in Fig. 6.1.

Determination of Angle of Friction between Wall and Sand.
The wall in the experimental apparatus is made of wood and a

Wood test-prece

Fig. 6.2

similar piece of wood is provided for this determination. A flat
sand surface is built up in a box as shown in Fig. 6.2, and the
piece of wood, to which is attached a string and container passing
over a metal bar, is laid on the top and then lightly loaded. Lead
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shot is slowly poured into the container until slipping of the
wood occurs ; . the container and shot are then weighed.

If W is this weight and w is that of the wood and its superposed
weight, the angle of friction ¢=tan—! W/w. This experiment
should be repeated several times in oyder to obtain a good average
value,

Determination of Coefficient of Internal Friction. This angle
is measured directly from the angle of repose of the material by
piling the sand in a heap until the critical slope is reached ; the

-angle is then measured by a simple _inclinometer as shown in
- Fig. 6.3. '

Inclinometer

Fig. 6.3

Determination of Angle of Rupture. The model retaining wall

is shown in Fig. 6.4 and consists of a -box of which the front and
back are made of $-in. wood and the two sides of }-in. plate-
glass. The “wall” is made of -in. wood and is adjustable in-

its position by means of thumb-screws as shown. Clamps are
provided to fix it firmly in any desired position. 'The box behind
the wall is filled with sand in layers % in. thick. FEach layer is
levelled by wooden screeds which Test on the tops of the glass
sides of the box. At every %-in. level a thin layer of colouréd
sand is placed at the ends of the wall to form division lines
3 in. long between the layers. The box is filled to the top
in this way and the wall is then very slowly moved away from the
sand by means of the adjusting nuts until the plane of rupture
8 105
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is formed. = This is very clearly traced out by the breaks in the
coloured lines as shown in Fig. 6.5. The cross-section of the
wedge producing pressure on the wall is thus determined and its
weight is found from the measured density of the sand. This

Lines
/n;i_ g,f?' glo/oureo’ . ,
7

"

(TP ./

=

Model Retaining Wal/
Fig. 6.4 '

can also be determined theoretically, graphically or analytically,
by the wedge theory and the results compared.
Experiment Sheet No, 21 gives actual results obtained in this

8*
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Experiment Sheet N 0. 21
PRESSURE ON A RETAINING WALL

Instruetion

Determine the coefficient of friction between sand and wood and the
angle of repose of sand. Find the angle of rupture of the sand fill
behind the model retaining wall and so calculate the actual pressure
of the wedge on the wall. Using the data obtained for the angles of
friction, calculate or determine graphically the theoretical pressure
and compare with your experimental value.

Results

(a) Coefficient of Friction. Tests were made as described in this
chapter, -using the apparatus shown in Fig..6.2. The average of five
tests gave =39'5°. . :

(6) Angle of Repose. Five tests of the type shown in Fig. 6.3 gave
the average value ¢=34°.

(c) Angle of Rupture. Five tests on the retaining wall gave an
average angle of rupture of 25'0° to the vertical. The density of the
sand was found to be 0:053 Ib. per-cu. in., and the pressure from the
wedge was found to be 0-105 lb. per in. of wall.

(d) Theoretical Value of Pressure. Using the standard graphical
construction given in any text-book for a wall 4 in. high the area of
the pressure triangle was found to be 214 sq. in., and from this the
pressure is 2-I4 X 0-053=0-113 lb. per in. of wall.

Notes

The methods are sufficiently clear from the text of this chapter.
The graphical solution is well known and can be found in any standard
text-book:. '

APPENDIX
MISCELLANEOUS EQUIPMENT

" The efficient use of the model-structures apparatus described

demands a certain amount of auxiliary equipment ; the exact

requirements will very soon become apparent, but a few of the
more important items are listed here.

Lighting. The laboratory should have a good general lighting

system but in addition a certain number of table lamps are neces-

sary to give a local intensity of some brilliance. In working
with celluloid models for example, the displacements are small
even when the deformeter is not used and accurate readings are
only obtainable in a good adjustable light. If the Beggs’ method
is used this is absolutely essential.

A useful lamp for this purpose is the Terry angle-poise, which
can be seen in Fig. 1.2. This is easily placed in any desired
position and has proved very satisfactory. Other adjustable
lamps may be more readily available and can, of course, be used ;
the type is immaterial provided that they can be quickly arranged
to throw light from the direction required. :

Micrometer Microseopes. These are somewhat expensive items
of equipment, but one or two at least are necessary. That shown
in Fig. 3.3 was made by Messrs. R. & J. Beck, Ltd., London, and
is arranged to cover a model about 12 in. diameter. The micro-
scope is mounted on a rigid metal arm attached to a heavy base
and a scale is contained in the eye-piece which is fitted with a
traversing cross-wire controlled by a micrometer head working on

a goniometer and reading to 1559 in., so that imposed displace—'
ments are read directly. The magnification is about 40 diameters..

- Balanece. An ordinary chemical balance is necessary for
weighing shot for the linear-arch apparatus, for the voussoir arch
experiment and for other purposes. Any good standard type
will be satisfactory for this.

.I09
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Celluloid. A supply of sheet celluloid is essential. This is
supplied by the British Xylonite Company in sheets 55 in. X 24 in.
and useful thicknesses are 0-080 in. and o0-180 in. It is sold by
weight, the present cost being about 4s. 9d. per Ib.

Fretsaw. A fretsaw is necessary for making the models. A
hand-saw will suffice, but a small electrically-driven saw has
been found to. give the best results. The models should be
finished with a fine file.

Scales, Squares, ete. Scales of various lengths and divisions
are needed. - It is clearly unimportant what type is used but a
few metre rods are useful and also a number of 12-in. drawing
scales. For ‘‘large displacement ” experiments it has been
found that 7 in. is a good unit and this is obtained from a } in.-
to-the-foot scale divided into “
durable and satisfactory material ; - cardboard scales have a
short life. An assortment of set squares of various sizes should
also be provided ; these are required in a number of experiments,
e.g. for measuring displacements of celluloid models, for obtaining
readings on the squared grid in the linear arch experiment and
for other purposes. Work needing T-squares and drawing-
boards is best done in the drawing office.

Drawing-boards, however, are required for mounting celluloid
models and Imperial is a convenient size.

Wedges for Deformeter. It is advisable to supply small wedges
for separating the two bars of deformeters in order that the plugs
can be inserted easily. = Duralumin is best for this purpose as
it is softer than the steel of which the instrument is made and
therefore does not damage it. It is easier to make new wedges
than a new deformeter. One of these wedges can be seen in the
photograph of Fig. 3.3. :

Miseellaneous. Drawing pins, ordinary pins, needles, small
- round nails, small tack hammers, etc., are indispensable for
celluloid model work and must be in plentiful supply.

A good supply of weights from 1 oz. to 2 lb. are also required
for a variety of purposes. '

inches.” Boxwood 1s the most -

I0.
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