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SUMMARY AND CONCLUSIONS 

In 1913 an investigation was begun with the object of devel
oping an all masonry barn which could be constructed at a rea
sonable cost and yet have the advantages of permanent and 
fire resistant construction. The studies which have been con
ducted pertain chiefly to the roof structure, with particular 
emphasis on the method of construction. 

In addition to a number of design studies, models of roof sec
tions were built to develop a method of roof construction. 
Strength tests were made on roof models to check the reliability 
of the designs. The information obtained served as the basis of 
the design and method of constructing an experimental barn, 
which was built at Iowa State College in 1926-27. Common 
overall dimensions and a desirable roof shape were established 
to make the roof forms usable for a number of barns; wind load 
assumptions were adapted from reliable wind pressure investi
gations to permit a more intelligent and efficient roof design. 

The results of the design studies, construction and tests on 
models and roof sections, and the construction of the experi
mental barn, together with other related experiences, seem to 
warrant the following general conclusions: 

1. The masonry arch is a very stable type of roof structure 
as shown by the tests on sections, which check closely the de
sign calculations. 

2. The construction of the roof is difficult and involves a 
large amount of labor because of: 

a. The use of heavy steel forms to carry a large part 
of the roof weight. 

b. The manipulation of the forms in erection, moving, 
dismantling and transporting. 

c. The handling and placing of roof materials. 
3. The additional cost of the roof over a wood frame type 

construction is due. not so much to the cost of materials, as to 
the cost of the unproductive labor in handling the materials and 
in manipulation of the steel forms. The overhead cost of the 
forms becomes a large item in the first cost if they are used 
for only one or a few barns. 
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4. Experiments in the methods of making a roof water
tight have not as yet indicated an entirely successful method. 
A heavy fibered asphalt has been found the best of the water
proof coatings which have been used. Leaks appear to be due 
to slight openings in the joints and to the development of fine 
cracks. 

5. The construction of the roof should be directed by one 
. who is familiar with masonry construction. 

6. A roof with a span of 34 ft. and a height of 20 ft. pro
vides enough storage space for most conditions. 



Masonry Barn Design and 
Construction1 

By HENRY GIESE, H. J . BARRE AND J. BROWNLEE DAVIDSON 

This bulletin reports the results of a study, initiated in 1913,2 
of the design of an all masonry barn 'which might be construct
ed at reasonable first cost with the advantages of permanent 
and fire resistant construction. This investigation is only a 
step in the development in this type of barn, and since studies 
were confined largely to the roof, the solutions to a number of 
other problems remain incomplete. The basic principle of 
arches-the placing of all of the materials in compression-was 
used in the design of the roof. Reinforced concrete ribs were 
added for additional stability and to resist eccentric loads such 
as those caused by wind. 

BARN DESIGN 

PRELIMINARY CONSIDERATIONS 

In most types of masonry roof construction economy depends 
largely on the use of forms which may be used for a large num
ber of barns, thus reducing the form cost per structure. A roof 
of standard dimensions in cross section is highly desirable, so 
that this economy in use of forms may be obtained. 

SIZE OF BARN 

A study of the size of barns to establish roof dimensions 
which may satisfy a large percentage of farm needs involves 
first a study of barn widths, since the principal dimensions of 
the roof, with respect to its cross section, are determined by 
the width of the first floor structure and the amount of storage 
space to be provided in the upper story. 

1 Project 24 of the Iowa Agricultural Experiment Station. 
2 The following contributions to the study of the masonry barn are acknowl

edged: W. W. Ashby and J. B. Kelley, who studied deSigns of an all masonry 
barn for their senior theses in Agricultural Engineering; W. G. Kaiser, A. W. 
Clyde and L. J. Fletcher, who designed and constructed a full sized roof sec
tion of hollow clay blocks; the Structural Clay Tile Association for its sup
port of a research fellowship held by Bruce Russell, who designed the ex
perimental barn for partial fulfillment of the requirements for a master's 
degree. 



258 

Two general methods were used in attempting to determine a 
barn width which is generally accepted in practice and therefore 
likely to be used, namely: (a) Plans of barns recommended 
by the United States Department of Agriculture and state ex
periment stations (13), together with observations of barns in 
use; and (b) a study of interior dimensions of both the "face 
in" and" face out" arrangements. The observations on actual 
barns were taken from the following: "Dairy barns from a 
manufacturing point of view" (20), "An economic study of 
farm buildings in New York" (9), and the dairy barn survey 
made by the Structures Division of the American Society of 
Agricultural Engineers (1). 
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BAR.N WIDTHS (in 'cat') 

Observations of barns and 
plans by common widths are 
shown in fig. 1. These show 
that 34 and 36-foot widths 
are generally recommended 
for dairy and general pur
pose barns and that there 
is in existence a large num
ber of barns of widths nar
rower than those generally 
recommended . . The average 
of the 30, 32, 34, and 36-foot 
widths is 34.3 ft., while the 
average of all barns included 
in the plans is 33.9 ft. A 
barn of 34 ft. gives ample 

Fig. 1. Number of barns by widths. workspace and conforms 
well to present practice. 

Interior dimensions affecting barn widths for both the "face 
in" and" face out" arrangement are given in fig. 2. The larg
est variations occur in the length of the stall and width of litter 
and feed alleys, the latter depending on the type of arrange
ment used. 

From the above and previous studies a choice of either the 34 
or 36-foot barn would seem satisfactory. Because a narrower 
barn requires less materiaJ per cow housed and is warmer due 
to less exposed wall area, a width of 34 ft. was selected. 
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17'-0' 

. .. ... 

FACE IN AI2I2ANGEIW£NT 

.1 

COLUMN 

FACE OUT AI2I2ANGEME:NT 

DETAIL ARRANGEMENT MIN. MAX. AVEJ2AGE 
34FT. 

WIDTH 

Face In 5'-0" G'-O" 5'-iD" 5:"0 " 
Feed Alley 

Face Out 3'- 6" 5'-0" 4'-.3 ,1 ,3'- q" 

Face In 4'-0" c,'-O" 5'- 0" 4'_qll 
Lifter Alley 

Face Out 5'-0" 10'-0" 7'- G" G'-IO' 

5 toll 4'-8" 5'-2" ·4'- //" 4'-1/" 

Monger 2/-0 2'-a" 2'-4# 2'-4" 

Gutter /'-4 11 /- 4" 

Fig. 2. Barn cross sections showing the near average dimensions of the 
details obtained by a width of 34 ft. 

The amount of storage space necessary for feed for the live
stock housed in the barn may be a determining factor in estab
lishing the height of the barn roof. Other factors to be consid-
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ered are appearance, economical use of material and possible 
changes in hay storage practices. 

A survey of barn plans from several sources shows a variation 
from 21 to 35 ft. in the height of the ridge above the mow floor 
in gambrel roof barns with a width of 36 ft. (table 1). The 
cross sectional area of the mow for the most common height 

TABLE 1. OBSERVATIONS OF THE HEIGHT OF RIDGE ABOVE MOW FLOOR IN 
36-FOOT GAMBREL ROOF BARNS. 

Height of ridge No. of barns Height of ridge No. of barns 
(feet) (feet) 

21 - 22 2 29 - 30 19 
23 - 24 4 31 - 32 4 
25 - 26 7 33 - 34 2 
27 - 28 12 35 - 1 

of 29 to 30 ft. is about 770 sq. ft. This value is indicative of 
the amount of storage space provided and should be approxi
mately the same for barns of different widths. 

A calculation of the amount of rough_age required under aver-
. age conditions (10) shows that the storage space necessary per 
cow is less than ordinarily provided in a barn. A 1,200 lb. cow, 
fed 11/2 Ibs of hay per 100 Ibs. live weight, daily through 
a feeding period of 220 days, would consume 3,960 Ibs. or 
990 cu. ft. of loose hay, with silage fed in ample quantities. 
The barn length chargeable to a cow is approximately 2.35 ft. 
The necessary mow area in cross section required per cow 
would be 422 sq. ft . 

Additional mow space, above the amount required, may be 
desirable in many instances for surplus hay, grain, equipment 
or bedding. The mow should provide the necessary space for 
loose hay and still not have much waste space when chopped 
or baled hay is used . For good appearance, stability, and the 
above requirements, a roof height of 20 ft. would be a reason
able choice. It gives a cross sectional area .of 462 sq. ft . for a 
curved roof conforming to the shape of an inverted catenary. 

SHAPE OF ROOF 

The shape of the barn roof should conform to some symmet
rical curve suitable for arches, especially when masonry ma
terials are used. The selection of such a curve involves the con
sideration of the roof with respect to its structural stability, ap-
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pearance and economical use of material for the amount of mow 
storage space provided. 

A light high arch roof differs from a low massive arch used 
for bridges, chiefly in the loading and the stresses. The design 
in the latter is governed largely by the direct stresses in com
pression from its own dead weight, whereas that of the former 
is governed almost entirely by the bending stresses due to ec
centric live loads produced by the wind. Reinforcing must be 
supplied in the roof structure to r esist these bending stresses, 
either in the roof slab itself or in arch ribs spaced at intervals 
along the roof. Since masonry materials are comparatively 
weak in tension, a roof shape, which would be stable under its 
own weight (that is, subjecting all materials to compressive 
loads only) would offer some advantage in design. 

Of the curves presented in fig. 3 for the proposed shapes, the 
parabola and the inverted catenary most nearly satisfy this con
dition. The catenary is a curve formed by a flexible, inextensi
ble cord or chain of uniform weight per unit of length when 
suspended at the ends. The parabola is similar with the excep
tion that the weight is distributed uniformly along the span, 
rather than along the length of the cord or chain. The inverted 
catenary satisfies the condition of stability for a light and high 
arch under its own dead weight as shown in fig. 16. It pro
vides slightly greater cross sectional area than the parabola for 
a given height and presents a more pleasing appearance. 

The semi-ellipse, with its major axis vertical, is suitable from 
the standpoint of mow space, but not desirable from the stand
point of stability because the resultant of the dead loads de
viates considerably from the arch axis and subjects certain 
portions of the arch to tensile stresses. 

WIND LOADS 

Although the conventional method of wind load assumptions, 
by which only impact pressures are considered, was used in the 
design of the model arches, an attempt was made in succeeding 
designs to extend information obtained from results of numer
ous wind pressure investigations on structures for load assump
tions which approximate actual conditions. Wind load formu
las do not take into account" negative" or outward pressures, 
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Inverfed Cc/enary-A=4~2 Sqff. 

<---c...--Porobolo -,4 = 440 5q. ff. 

A = 518 5'7-ff. 

E L LIPS£: (Major Axis Verfical) 

Fig. 3. Curves for the shape of the roof cross section. 

, I 

nor are they comprehensive enough to account for variation of 
pressure distribution and form variation of structures. 

A few of the studies in this connection are mentioned briefly. 
Prof. A. Smith (15) at Purdue University conducted, in 

1913, a series of tests in natural winds on a model of a building 
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with a roof semi-circular in section. The results are shown 
graphically in fig. 4. The positive or impact pressure consti
tuted a very small part of the total wind load. 

Similar results were obtained in Carl Arnstein's (19) wind 
tunnel experiments on the model of the large airship hangar at 
Akron, Ohio. (See fig. 4.) The positive or impact pressure 
constituted a very small part of the total wind load. 

Dryden and Hill of the United States Bureau of Standards 
(7), in their tests on circular cylinders, found that the larger 
pressures were directed outward. Similar results were found 
in their tests on a model mill building (6) . In many instances 
the loads on appreciable areas of a face were often as great as 
twice the average over the entire face. 

The most important phenomenon noted by Sylvester (16 ), in 
his wind tunnel tests on model airship hangars, was the large 
negative pressures. H e explains : " The extensive area over 
which these pressures are exerted is surprising, but the extent 
to which their consideration has been neglected is even more 
surprising. " 

I2ESUI...T5 OF A.QAlST£INS WINO

TUNN£L £)(P €12 1M£.NT ON A. 

MODEl- Or THt:: A,oc;,eON HAil/GAl:!. 

.e £~ UL T5 BY SNfITH 

MODEL. BUILOINO W I TH A. 

ClIl..CVLAI2. 1200F:. (Av of 17 ed9~.) 

ACTION OF W 'NO ON "'N Ac.12.0rOfL 

MONTEITH 

A 5SUMEO WIND PRESSU/l.E D/~TJ2 I BUTIO/ll 
AIVO MAONITI,JU£ roQ. A WINO V£LOC.I TY 

o r 70 MILES P£e HovlZ. 

Fig. 4. Wind pressure distribution on models of buildings and the dis
tribution and magnitude of wind pressures on the barn roof. 
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The Building Research Board (4) of London, England, in 
their attempt to determine how results obtained from small 
scale models may be applied to full sized buildings, found that 
pressure on the leeward side of a full sized building is greater, 
on the whole, by about 50 percent. 

Experiments on aero foils in aerodynamics indicate that 60 
to 70 percent of the total lifting force is due to a reduced pres
sure on the upper side (fig. 4). 

Other investigations have shown that negative pressure con
stitutes a large part of the total force acting and that wind 
pressure distribution for a structure varies considerably with 
its shape, and must, in many cases, be determined experimen
tally. 

The wind load assumptions which were used in connection 
with this investigation and the recommendations set forth for 
roof structures of similar shapes are described in the following 
paragraphs. 

The conventional method of assuming a pressure of 30 
lbs/sq. ft. on the vertical surface and reducing the normal pres
sure on the inclined surface on the windward side by Duche
min's formula, 3 was used on the small and full sized model 
arches. No wind loads were assumed on the leeward side. 

The assumptions on the experimental barn roof differed from 
those made in previous designs, in that outward pressures were 
considered on the leeward side of the roof identical in other re
spects 'with those on the windward side, and that a pressure of 
7 lbs./ sq. ft. on a vertical surface was assumed instead of 30 
lbs/sq. ft. This large difference in the two values may be ac
counted for by (a) the large factor of safety in the 30 lbs/sq. ft. 
value, (b) the low assumed value of 60 mi./ hr. for the probable 
maximum wind velocity, and (c) the fact that wind exerts less 
force on a three dimensional object than on a fiat plate. 

The basis on which the value of 7 lbs/sq. ft. was derived was 
the pressure exerted on a square fiat plate by a wind normal 
to it of an assumed wind speed, and the comparison of its wind 
resist~nce to that of a roof model. Dryden and Hill (8) re
ported that a square fiat plate has a wind resistance of about 
10 lbs./sq. ft. in a wind stream of a true velocity of 60 mi./hr. 

3 _ 2 s inO 
P n - P 1 + s in'8 
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A comparison of the wind resistances was obtained by con· 
structing a small model of the roof, equal in shape and area to 
the vertical projection of the model. They were made equal 
in weight and when suspended as pendulums in a wind stream, 
it was found that the displacement of the model was about two· 
thirds that of the plate. On the basis of these displacements, 
the value of 7 lbs./ sq. ft. was established as the pressure on a 
vertical surface; the normal pressures were determined by 
Duchemin's formula. 

In view of more recent data on wind pressures and we~ther 
records, the above assumptions can be improved and a better 
set of recommendations set forth for wind load assumptions on 
a roof of this shape. 

The assumed wind velocity of 60 mi./ hr. appears to be too 
low, especially since the maximum wind velocity recorded by 
the United States Weather Bureau stations in Iowa is 68 mi./ hr. 
(18). This value, unquestionably, is exceeded for short inter· 
vals of time, since the Weather Bureau anemometer records en
able one to determine only an average velocity over the period 
necessary for a mile of wind to pass the anemometer. The 
maximum velocity of gusts in high winds should be considered 
also. There is very little precedent to make an assumption to 
take gusts into account, but a value of 70 mi.jhr. would seem 
to be a reasonable assumption for maximum velocity. 

Figure 4 shows the magnitude and distribution of pressures 
for a wind velocity of 70 mi. / hr., as determined on the basis 
of results of the above described experiments. Note that pres
sures differ radically from those assumed on the experimental 
barn roof, especially at the crown. 

Attention is called to the so-called "resistance coefficients" 
which appear on the diagram (fig. 4). These coefficients are 
the ratios of the actual pressure to the theoretical or "velocity" 
pressure, which is expressed by the relation 

( 22)2 p= .001189 V X 15 ' 

where P is in lbs.jsq. ft., V the true wind speed in mi./ hr., and 
.001189 is the density of air in lbs.jcu. ft. corresponding to 15° 
C., 76 cm. Hg. These coefficients are the same for different wind 
velocities, and once these have been determined for various 
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points on the structure, the pressures for different wind veloci
ties can be determined conveniently. 

STRUCTURAL DESIGN 

The studies reported here pertained largely to the design of 
the roof structure. It has been the aim to simplify technique of 
construction and to observe possible economies in labor and ma
terials, as well as to obtain a structurally sound roof. 

The procedure in designing the roof structure is essentially 
the same as that for arches, a description of which is given in 
Turneaure and Maurer, "Principles of Reinforced Concrete" 
(17). A preliminary design of the roof is assumed similar to 
that in arches, which are made either by the aid of past designs 
or empirical formulae. An exact analysis is then made and the 
results used in correcting the design. By successive designs 
and analyses the correct roof section for a particular load con
dition may be determined. 

In the tile roof design, reinforced concrete arch ribs were 
supplied at intervals to resist the bending moments caused by 
the eccentric wind loads. (See fig. 12.) 

Lightness in weight of roof and saving of form work would 
be obtained by placing hollow clay blocks between the ribs. In 
addition to the reinforcing in the supporting ribs, wire rein
forcing would be placed in each mortar joint, extending from 

w per unit 1 Were-mit} 

Mo)( aM' =J~wlr ~ 

E NOS FEEt: ENOS RESTEAINt:O 

Fig. 5. Comparison of bending moments with ends free and ends re
strained. 
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rib to rib. The arch supports would frame in at the mow floor 
and be high enough to give ample hay mow capacity. 

The method of calculation used in this, as well as the other 
types of construction, assumes fixed ends; that is, the abut
ments of the arch are so massive or rigid that they will not 
yield when the arch is loaded. This condition may be approxi
mately fulfilled in massive arches, but in the barn roof it is 
probable that the part below the spring line will yield consid
erably. Such yielding of the abutments would make the bend
ing stresses at the spring line less than the calculated values, 
and increase them at some point higher up on the arch. This 
can be illustrated roughly by comparing the arch to a beam. A 
certain load on a beam with· fixed ends will produce bending 
moments at the ends and at the center of the beam. If the ends 
of the beam are not fixed, however, the moment at the ends 
will be zero, while the moment at the center will be increased 
under the same load. (See fig. 5.) 

Figures 6 and 7 show the design and some of the important 
results of the analysis of the model arch (3), which was in
tended for a barn 30 ft. wide and a roof 20 ft. in height above 
the mow floor. The shape of the roof conformed to an inverted 
catenary. The arch ribs reinforced with 4 % -in. round bars 
were spaced 6 ft. 6 in. on the centers. The ribs were 6 in. 
wide and varied in depth from 13 in. at the supports to 4 in. 
at the crown. Four-inch hollow clay blocks were placed be
tween the ribs. In the stress analyses a positive wind pressure 
of 30 lbs/ sq. ft. on a vertical surface was assumed, other loads 
including the weight of the blocks being neglected. A check 
of the stresses for the loads assumed, showed the roof structure 
to be amply strong. 

Two weeks after the arch had been constructed, 23 sacks of 
sand, each weighing 100 Ibs. , were placed on one side of the 
roof to simulate wind load conditions (fig. 8). No cracks or 
severe deflections could be detected at any point along the arch 
ribs. 

To obtain a larger load application, a system of levers was 
used, since it was difficult to add sacks of sand (fig. 9). Under 
a concentrated load of 2,200 Ibs., the steel on the inside of the 
rib split away from the concrete. This shows the importance 
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of wiring the reinforcing bars in the top and bottom sides to
gether, Had this been done and the concrete permitted to set 
at least 2 weeks longer, the roof would probably have resisted 
double the load at failure, which was equivalent to a wind load 
of 84 lbs.jsq. ft. on a vertical surface, 

After further failure had occurred in the ribs through the ap
plication of a greater load, the roof still remained in an upright 
position, although the crown had been displaced a few inches. 
A 100-pound sack of sand dropped from the top floor of the ad
jacent building, a height of about 30 ft., broke only 2 clay 
blocks. 

These results indicate that the arch was designed and con-
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Fig. 7. The model arch roof. 

Fig. 8. Manner of loading the model roof for the strength tests. 
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Fig. 9. Apparatus for larger load application. 

structed with a satisfactory factor of safety, and that there 
were no apparent weaknesses in the arch. 

Various possibilities were considered before' proceeding with 
the design of the full sized arch (11). A design similar to that 
of the model arch appeared to be most promising. A span of 36 
ft., with a rise of 24 ft . 7 in. above the mow floor, was chosen 
for the test section. The arch ribs, spaced 6 ft. on centers (fig. 
10), were 10 in. wide and varied in depth from 8 in. at the 
crown to 14 in. at the springing line. They were reinforced 
with 8 l/2'-inch twisted bars, half of the bars being near the top 
and half near the bottom of the rib section. Clay blocks, 
5 x 8 x 12-inch, with a no. 6 wire extending from rib to rib in 
each horizontal mortar joint provided the sheathing between 
the ribs. 
. Stress analyses were made by assuming. a wind load of 
30 lbs./sq. ft. of vertical surface. The weight of the blocks 
was neglected. The shape of the arch conformed essentially 
to the inverted catenary, with slight modification to bring it 
nearer the equilibrium polygon or the line of thrust under its 
own weight. The final design and the results of the analysis 
are given in fig. 10. 

The tests on this arch were made more carefully than in the 
previous test on the model arch (5). One concentrated load 
was applied at the point of application of the resultant of wind 
loads, 12 ft. 9 in. above springing line and normal to the sur-

( 
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Fig. 1 0. Dead and wind load analysis of the fu ll s ized section of the arch 
roof. 

l"'Y'C7'(.IT MCTI-'OO or LCIIDING 
~#I.J··I'O · 

Fig. 11. Diagram of test apparatu s. 
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Fig. 12. Application of large loads on full sized roof section by system 
of levers. 

face. The apparatus used for this purpose was a set of levers 
(ratio 10 :1) anchored to the ground and connected to the arch 
by means of 4 %-inch rods and an I-beam. The applied load 
consisted of 50-pound sand bags (figs. 11 and 12). 

Deflections were measured 
at the point of application of 
the load by means of wires 
running from each of the 
three ribs to an inst rument 
board. Tensions on all three 
wires were equalized and 
kept uniform throughout the 
test (fig. 11). Movement at 
the crown was measured by 
focusing a transit on a sheet 
of ruled coordinate paper 
fastened to one end of the 
roof section at the crown. 

Deflections were propor
tional to the applied load un-

Fig. 13. Failure of middle riu. 
Concrete spalded from the reinforce
ment at the point where the bars 
overlapped. 
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til the load reached 27,000 Ibs. , at which load the arch failed. 
Owing to the short distance of travel of the levers and the slack 
in the apparatus, it was necessary to unload, take up slack, and 
reload. This was r epeated a number of times. After deflecting 
more than 2 in., the arch r egained almost its original shape. 

The failure which occurred slightly above the point of appli
cation of the load (fig. 13) was not typical of a reinforced con
crete beam, but seemed due to the fact that all laps in r ein
forcing bars were made in one place, making such a mass of 
steel that the individual bars were not surrounded with con
crete. 

A slab of concrete approximately 3 ft. in length, as wide as 
the rib and as thick as the layer of concrete below the steel 
shelled off as a result. 

The structure was so thoroughly bound together that de
struction was accomplished only by crushing each piece indi
vidually with sledges (fig. 14) . Dynamite could not be used on 
account of the structure being in close proximity to green
houses. 

Although an effort was made to salvage the tile, not one 
came out intact. Of particular interest was the quality of bond 
between the mortar and the hard burned clay blocks (fig. 15). 
In practically all cases, breaks would occur in the tile, in the 
mortar, or across bot~. Very few instances could be found in 
which the mortar had separated from the tile. 

The breaking load of 27,000 Ibs. , which is nearly equal to six 
times the total wind load assumed, shows that the design was 
considerably heavier than that required in roof construction. 

The experiences in the design and construction of the full 
sized section of the roof, together with the results of the 
strength t ests, were very helpful when designing the roof of the 
experimental barn (14) . The overall dimensions of the arch 
were very nearly the same as that of the latter i. the' size of the 
arch ribs was decreased considerably, because of lower values 
used in the wind load assumptions and the design of the full 
sized section was heavier than necessary. The ribs with a 
width of 6 in. varied in depth from 12 in. at the springing line 
to 8 in. at the crown, and were spaced 6 ft. 3 in. on centers, 
permitting 51/ 2 12-inch hollow clay blocks to be placed between 
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the ribs. Two V2-inch square bars placed in each of the top and 
bottom halves of the rib constituted the reinforcing. 

In the dead load analysis the weights of the laid-up tile and 
the reinforced concrete rib were assumed to be 25 lbs.jsq. ft. 
and 150 lbs.jcu. ft., respectively. The results of the analysis 
presented in fig. 16 show that the line of thrust is very near 
the center line of the arch rib. The eccentricity, which is thn 

Fig. 14. Destruction of the full sized roof section. 

\ 
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Fig. 15. The good qua lity of bond between the tile and the mortar is 
shown by these broken pieces. 

lood "or I M e cone,.. ... ' . 
In 'n~ orc.n .... , 1;> \NO$ o~~ .... rn.,.d 
01 ,"0 /05/,.,3 ond tne lOla-up 
rol. or ~5 /P¥(t· 

" u S'zo 101 ,,-, 7 r, Ib"b ,. '°·0 
13i :J 7Z 46' -L040 ' .c;IOO 
,)94 44Z~. -"3~ -/Z,700 

" "D"'O 

1& 53" .59 I ~ -l' 10 -Z-OI(jlJ() 13,eo 
l' 190 -4 _~ ZZ6!XJ 

10 - 6 r..zO -IA,],:JtX] .]!l.O!lO , 

" I /g}!> ., 
fo!>J Zt7!> 
193 Z9!iO Z70 
8ge .J7 7, 2.)4 
el3 !IIOO Ifi>O 

Fig. 16. Stress analysis for dead loads. 
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greatest at the crown, does not exceed 4 in. · This indicates that 
the roof, conforming in shape to a catenary curve, is subjected 
to very small bending stresses under its own dead weight. 

The wind loads used in the combined dead and wind load 
analysis have been discussed in a preceding section and are 
shown graphically in fig. 17. 

An inspection of the equilibrium p~lygon and the bending 
moment diagram (fig. 17) reveals that the greatest external 
moment occurs at the rib support on the windward side. A 
check on the unit stresses at this point shows that the maximum 
stress in the concrete on the compression side is 838 lbs./sq. in., 
and the stress due to thrust is 77 lbs.jsq. in., giving a total unit 
stress of 915 lbs.jsq. in. This value exceeds the allowable working 
stress of 800 lbs./ sq. in. for concrete. It is doubtful, however, 
whether this stress will be exceeded under the loads considered, 
since the supports were assumed to be rigidly fixed. A slight 
amount of rotation at the support due to the elasticity of the 
materials would materially decrease the unit stress. The cross 
sectional area of the concrete can be expected to be somewhat 

~" " " .. . . 
. , ,~. 

Fig. 17. Stress analysis for combined dead a nd wind loads of the roof 
for the experimental barn. 
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larger due to the concrete which runs into the open ends of the 
tile. Hence, the arch was considered to resist the loads with the 
proper degree of safety, and a check on the stresses of the steel 
and other points along the arch shows the materials to be under 
much smaller stresses. 

The lower structure of the experimental barn, including the 
mow :£ioor, was designed to carry much heavier loads than the 
usual hay loads for which most barns are designed, because of 
the contemplated use of the barn as a grain storage huilding. 
The ceiling height was fully 2 ft. greater than the 
usual height of 71/2' to 8 ft. Although the barn is considered a 
tile building, reinforced concrete was used for the import.ant 
structural members. The details in fig. 18 show that the type 
of construction for the building other than the roof is quite con
ventional. 

In view of studies conducted subsequent to the design and 
construction of the experimental barn, an analysis was made 
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Fig. 18. Cross section and typical details of the experimental barn. 
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to determine the reduction in stresses with the recommended 
wind load assumptions and span and height of roof set forth 
in preceding sections of this report. (See figs. 3 and 4.) 

The roof which is for a barn 34 ft. in width has a span of 31 
ft. 6 in. at the mow floor, because the arch rib is continuous 
through the mow floor to the top of the foundation. The 
spacing, size and reinforcing of the arch ribs are the same as 
that of the experimental barn roof. 

The results of the analysis for the combined dead and wind 
loads and other related data are given in fig. 19. The bending 
moment diagram shows that the greatest stress occurs at the 
support on the windward side. The calculated unit stresses of 
356 lbs./ sq. in. for concrete and 8,018 lbs./ sq. in for steel are 
very low in comparison with the allowable unit stresses. The 
assumed section of the arch rib at this point is capable of resist
ing over twice the external bending moment of 82,400 in. lbs. 

It appears, therefore, that the arch rib could be decreased 
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Fig. 19. Stress analysis for combined dead and wind loads of a revised 
design of the masonry arch barn roof. 
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considerably at the supports for the loads assumed. The same 
is true for the arch rib at the haunch and crown, since the bend
ing moments at these points are less than one-third of that at 
the left support. 

CONSTRUCTION PROBLEMS 

The method of constructing a masonry barn, especially the 
roof, has been a very important consideration in the design with 
respect to initial cost, manipulation, transportation of forms 
and necessary scaffolding and handling of materials. The es
sential differ ence in the initial cost of a masonry and a wood 
barn is in the cost of the roof construction, rather than in the 
cost of materials. 

ROOF FORMS 

The design of this type of construction presupposes that form 
work will be used for casting the arch ribs and for supporting 
the tile. A large part of the weight of the roof must be carried 
by the forms until the roof is completed and all of the concrete 
and mortar have hardened. 

Roof forms should have the following essentials: Light weight, 
ease of manipulation, ease of transportation and durability. 
The cost of constructing forms for the entire barn roof is pro
hibitive. Economy of roof construction might be accomplished 
if the forms could be used in successive units in a barn, and be 
moved and used in other barns. 

Two types, termed the" closed" and" open" forms (fig. 20 ), 
were considered as possibilities in the construction of the ex
perimental barn. The following description pertains to the de
sign of these forms . Changes made in those used in the con
struction of the barn are indicated in the description of the 
construction of the model and the roof section. 

The closed form has one notable advantage in that it sep
arates into only two sections. These sections, when moved, 
make for speed in construction without the laborious task of 
handling a large number of pieces. This advantage is offset, 
however, by the disadvantages of moving large and very heavy 
pieces, not only from section to section, but from barn to barn. 
This type of form does not permit convenient scaffolding. 
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The open forms, although requiring considerable unproduc
tive labor in erecting and dismantling in moving each unit, have 
a number of advantages over the other type. Scaffolding is 
easily accomplished by placing planks on the horizontal mem
bers of the forms. (See fig. 20.) The necessary support for lay
ing of the tile is furnished by laying boards just ahead as the 
~ile is being laid. The forms can be transported easily by en
tirely dismantling them. The amount of labor involved in 
moving the forms is partially overcome by leaving them in large 
units . These advantages seemed to warrant the choice of the 
open over the closed type. 

The magnitude and direction of the combined dead and wind 
loads which either half of the forms may be expected to carry 
are shown graphically in fig. 21. An approximate check of the 
stresses in the members, which was obtained by considering 
either half of the forms as a truss with a span of 29 feet, shows 
them to be well below the allowable working stresses. 

Fig. 20. The closed and open type of roof forms. 
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Fig. 21. Magnitude a nd direction of the loads to be carried by the roof forms. 

Figure 22 gives a detailed elevation of the forms with the 
sizes of the members as indicated. The accompanying detail 
shows that the side plates for forming the concrete rib have 
been given a batter of 2 degrees to make the removal of forms 
easier. Although these plates are in several sections, they con
stitute a continuous form for the arch rib. The auxiliary fram
ing members give added rigidity to the plates, act as supports 
when the forms are being moved and serve as scaffolding sup
ports. The joint in the forms at the crown is inclined suffi
ciently to permit the clearing of the right half of the form as 
it is being removed. 

Several minor changes were made in the design of the forms 
before they were constructed. A few of the angles in the lower 
part of the truss were made heavier and a few additional angles 
and struts were supplied to increa3e the rigidity as well as the 
strength of the forms. These changes necessitated the use of a 
gusset plate at one of the joints. 

The total weight of the steel of the forms for one roof section 
is about 3,028 Ibs. An estimate of the total cost, including 
the necessary lumber and the labor for assembling, is about 
$265. 
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Fig. 22. Details of steel roof forms. 

Figure 23 shows the method of dismantling the open forms 
in the construction of the roof. The top section, fastened at 
its lower end by a hinged joint, is thus held in place while being 
removed. By removing the two temporary longitudinal braces 
near the top, the entire form can be moved through the central 
opening of the adjacent form and again erected. This particu
lar feature gives it the advantages of the closed form. A more 
detailed description of the manipulation of the forms is given 
under the construction of the roof of the experimental barn. 
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Fig. 23. The "open roof forms" partially dismantled. The boards supply 
the necessary scaffolding and supports for laying the tile. 

MODEL ARCH 

A model of one section of the roof of the proposed design 
was constructed to a scale (4 inches=1 foot). (See fig. 7.) In 
recommending a method for the construction of the roof, the 
following problems seemed to deserve the greatest considera
tion: (1) The cost of the materials and labor for the construc
tion of the forms; (2) the necessary scaffolding for the mason; 
and (3) placing the materials within the mason's reach. 

As a solution to the first two problems, the combined forms 
and scaffolding were recommended. These consisted of a truss 
frame work made in two sections conforming to the shapes of the 
roM, and kept in place at the top by a pair of jack screws. 
Boards of I-inch thickness were to be placed, one at a time, as 
the mason worked over them from a scaffold supported by the 
inside framework of the forms. After completing a section of 
the roof, the forms would be tipped down at the top, moved to 
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the next position, and the adjacent section ·would be constructed 
in like manner. 

It was suggested that the materials be placed within the ma
son's reach from a carrier suspended from a cable supported by 
two gin poles, one on each side of the roof. The carrier could 
be manipulated with two ropes, one for hoisting and the other 
for pulling it along the cable. 

FULL SIZED ARCH 

The forms for the construction of the full sized arch were 
quite complicated, and the necessary lumber cost over $100. An 
attempt was made to build them in such a manner as to permit 
easy manipulation when erecting and disassembling, and to 

Fig. 24. Wood forms for the construction of the full sized arch. 
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make them usable for roofs of the same overall dimensions as 
well as other sections of the same roof. 

Good bracing was necessary to withstand the heavy loads 
without objectionable deflection (fig. 24). Up until the time 
that a section of the arch is completed, a large pal't of the 
weight must be sustained by the form work. 

The tile were laid in each section, keeping both sides of the 
arch about the same height in order to better distribute the 
loading on the forms (fig. 25). The concrete for the ribs was 

Fig. 25. Construction of the full sized arch roof section. 
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Fig. 26. The completed section of the full sized arch. 

poured after the sections of blocks were laid. This ran back 
into the openings of the tile, securing a good bond between the 
rib and the hollow clay block sheathing. The completed section 
is shown in fig. 26. 

EXPERIMENTAL BARN 
• 

An experimental barn was constructed on the college farm in 
1926-27 (fig. 27). 

The discussion of the construction which follows is confined 
mainly to the roof, since that of the first story does not differ 
materially from regular construction practices. 

The roof was built in sections, beginning at one end and pro
gressing along the length of the barn, building one section per 
day. By this method the roof could be built for any length of 
barn with two sets of forms. The following general steps were 



287 

necessary in building the roof: (1) Assembling of the forms, (2) 
laying of the tile, (3) pouring of the arch ribs, and (4) the dis
assembling of the forms. 

The lower trusses of the forms were assembled individually 
on the floor of the barn before placing them upright in position. 
The separate trusses were bolted together with struts before 
any of the parts of the upper truss were added. The scaffold
ing on the lower section of the trusses could be used to advan
tage in erecting the upper truss. (See figs. 28 and 29.) 

The forms were placed at one end of the barn floor and the 
ends of the barn roof, with its windows and doors, were con
structed at the same time that the adjacent sections were being 
built (fig. 30) . Scaffolding could be placed easily on the forms 
for the construction of the ends. Wood forms were used for the 
pilasters and cornices. 

With the forms in place, the tiles were laid. Boards, 2x6-
inch, were laid in the forms ahead of the tile to allow laying 
operations from the scaffolding on the inside. A piece of 
straightened no. 7 wire about 7 ft. long was laid in every mor-

Fig. 27. The comple t ed experimenta l ba rn. 
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Fig. 28. Erection of the steel roof forms. 

tar joint with each end bent around the reinforcing rods of the 
rib. An entire section of the roof was laid before the rib was 
poured. A concrete slab was placed last for the ridge. 

The reinforcing bars of the arch rib were bent and placed to 
conform to the shape of the roof at the same time that the tiles 
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Fig. 29. The steel forms In place. 

Fig. 30. Beginning of the construction of the roof. 

\ 
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were being laid. The necessary operations for placing the con
crete in the arch ribs were performed on the outside of the 
roof. The form work for the outside of the rib consisted of 
1 x 10-inch boards of about 14-foot lengths, the ends fastened to 
the reinforcing bars in the rib by wire. The concrete could be 
taken from the hoist and poured into the rib by means of a lad
der construction (fig. 31). Since the portion of the rib at the 
crown was nearly horizontal, no forms were necessary. 

After the concrete had been permitted to harden, the forms 
on the outside of the ribs and the steel forms supporting the 
roof from below were removed. Since the materials in a com
pleted section will be self-supporting, the forms could be re
moved after a short time of hardening of the mortar and con
crete without subjecting the structure to severe stresses. In 
general, the forms were removed by proceeding in the reverse 
order from that used in assembling. The lower truss as well 
as the upper was disassembled, piece by piece, instead of being 
removed as a unit. The parts so removed were then placed 
in immediate readiness for use in the construction of the next 
adjacent section. 

Considerable difficulty was experienced in removing the 
forms from the ribs adjacent to the first section constructed, 
because of the bonding of the concrete to the flange of the steel 
forms. This difficulty was overcome by cutting off a part of 
the flange. The concrete was then permitted to run against the 
ends of the 2 x 6-inch planks which support the" laid-up" tile. 
(See fig. 32.) 

WATERPROOFING PROBLEMS 

The roof of the experimental barn, as well as the full sized 
arch, has been found to leak rather freely in several places, due 
to the development of cracks where the tile joins the reinforced 
concrete ribs. Frequent expansion and contraction due to 
changes in temperature cause cracks and make it necessary to 
provide a waterproof coating which will be sufficiently elas
tic to avoid breaking of the coat. Some attempts have been 
made throughout this investigation to devise a practical as well 
as economical waterproofing, which will either preserve the 

I 
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Fig, 31. The masonry arch roof under construction, 
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Fig. HZ. Section of roof form of arch rib in place. 
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natural color of the tile or present a pleasing appearance in 
itself. 

Three methods of waterproofing were tried on separate areas 
of the roof of the full sized masonry arch, namely: A cement 
wash, a bituminous roof paint, and a commercial integral water
proofing compound. These treatments were fairly satisfactory 
for the short time in which they were observed. Dampness 
could be detected on the lower side of the roof after rains. 

Numerous leaks were observed under the roof of the experi
mental barn after rains, and it soon became evident that some 
sort of waterproofing was necessary. The bad leaks, apparently 
caused by cracks along the ribs, were more numerous on the 
south side. A majority of the leaks which occurred after the 
various treatments f:e emed 
to result from cracks, ex
posed by the failure of the 
waterproof coatings. 

The roof received two 
principal treatments, ex
tending over the entire 
roof. The first consisted 
of the application of two 
coats of raw linseed oil, 
after the roof had been 
washed with a diluted so
lution of hydrochloric acid 
and the open joints had 
been pointed with a ce
ment mortar. Such a treat
ment preserved the natur
al appearance of the tile. 
Since this treatment failed 
to give protection, the 

. roof was treated with an 
asphalt paint followed by 
application of aluminum 
paint. The asphalt paint 
was 0 f a consistency 
which permitted it to be Fig. 33. Poor condition of the as

phalt and aluminum paint. 



applied with a paint brush. It 
dried rapidly upon applica
tion and failed to exhibit the 
elastic properties of asphalts . 
Consequently, the complete 
treatment failed to give prop
er protection (fig. 33). 

In furthering the attempts 
to seal the cracks and other
wise make the roof water
tight, a heavier and fibered 
asphalt was used in treating 
the leaky areas (fig. 34). Its 
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consistency was such as to Fig. 34. Treating of the leak y 

Permit application with a area s with ftbe l'ed a spha lt and a lumi
num paint. 

brush. The leaky areas which 
had been noted and other visible cracks were treated with one 
coat of this material. A coat of aluminum paint was applied 
after sufficient drying. 

After almost a year's exposure, further leaks, 'some of which 
appeared after the failure of the previous treatment, were in 
evidence. These were temporarily repaired with the same 
fibered asphalt and aluminum paint. 

The linseed oil and the asphalt paint have proved to be unsat
isfactory as waterproof coatings for the barn roof. The condi
tion of the coatings on the south side was much worse, ap
parently due to the more severe sun exposure. Both treatments 
after a year's exposure failed to give the neces'sary protection. 
The linseed oil was largely gone and that which r emained had 
curled and was valueless. Similarly the asphalt had hardened 
quickly in drying and later had curled. Nearly all of the 
asphalt and paint were removed over a large part of the roof 
on the south side. 

The condition of the fibered asphalt was fairly good after a 
year's exposure. In a few places it had become firm and dry 
and had partially cracked, exposing former cracks. 

Raw linseed oiL and asphalt paint are not satisfactory for 
roof waterproofing, since they are not able to withstand, with
out breaking, the heat of the sun and the expansion and con-
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traction of the joints. A heavier and a fibered asphalt seems 
to be more satisfactory for sealing the cracks. 

COST OF MATERIALS FOR THE ROOF 

An estimate of the cost of the materials used in the construc
tion of the masonry roof of th,e experimental barn is presented 
in table 2. Table 3 gives an estimate of the cost of materials in 
the part of the structure above the mow floor of a typical gam
brel roof barn of braced rafter construction, which is very 
nearly the same in overall dimensions and cross sectional area 
as the roof of the experimental barn. Plan no. 72121 of the Mid
west Farm Building Plan Service Catalogue (2) was selected 
as a typical gambrel roof barn. 

The unit prices used in both tables are those for which ma-

TABLE 2. ESTIMATE OF MATERIAL COST OF THE ROOF OF THE EXPERIMEN
TAL BARN 36'x64'-6", HEIGHT 24'-6", CROSS SECTIONAL 

AREA 632 SQ. FT. 

Kind of material Quan- Unit price Cost 
tity 

1. Structural clay tile 5x8x12" 7,248 $85 .00/M ___ $616.08 ___ 
2. Portland cement (sacks) 290 .59 --- 171.10 ___ 
3. Sand (yds.) 20.4 1.50 --- 30.60 ___ 
4. Gravel (yds.) 23.8 1.50 ---- 35.70 ___ 
5. Lump lime (bbls.) 1.5 2 .75 --- 4.13 ___ 
6. Reinforcing bars (lbs.) 5,679 . 03 --- 170.37 ___ 
7. Drawn steel wire No.7. (lbs.) 620 .05 --- 31.00 ___ 
8. Dimension lumber (bd. ft.) 100 55 .00{M --- 5.50 ___ 
9. Waterproofing . 

Aspbalt paint (gals.) 40 .75 --- 30.00 ___ 
Aluminum paint (gals.) 5 4.95 --- 24.75 ___ 

10. Ready mixed paint (gals.) 2 3.30 --- 6.60 ___ 
11. Doors 

5'-0" by 5'-9" panel doors 2 ' 4 .00 --- 8.00 ___ 
8'-0" by 10'-0" panel hay door 1 12.00 --- 12.00 ___ 

12. Windows 
2'-1O~" by 4'-6" by 1 3/8" 

12 It. 2 piece 5 2 .76 --- 13.80 ___ 
13. Roof ventilators, 24-inch flues 2 54 .00 --- 108.00 ___ 
14. I-beam, 3-inch St. 7 . 511ft., 20 ft. (lbs.) 150 .04 --- 6.00 ___ 
15. Wire for tying reinforcing No. 11 (lbs.) 
16. Hardware 

25 . 06 --- 1.50 ___ 

14-inch strap hinges (prs.) 2 .90 --- 1.80 ___ 
lO-inch T-hinges (prs.) 2 .65 - '-- 1.30 ___ 
6-inch hooks and staples 4 .10 --- .40 ___ 

Nails (lbs.) 10 .04 --- .40 ___ 

Total cost $1,279 .03 ___ 



295 

TABLE 3. ESTIMATE OF MATERIAL COST OF THE PART OF THE STRUCTURE 
ABOVE THE MOW FLOOR IN A GAMBREL ROOF BARN (MIDWEST 

PLAN NO. 72121) 36'x64', HEIGHT 23'-6", CROSS 
SECTIONAL AREA 637 SQ. FT. 

Kind of material Quan-
tity 

Unit price Cost 

1. Dimension lumber No.1 com. (bd. ft.) 7,746 $50.00/M ___ $387.30 ___ 
2. Rough boards No.1 com. (bd. ft .) 342 55.00jM ___ 18.81 ___ 
3. Surfaced boards No. 1 com. (bd. ft.) 103 53.00/M ___ 5.46 ___ 
4. Drop siding, 1x6" No.2 com. (bd. ft .) 2,510 55.00jM ___ 138.05 ___ 
5. Roof sheathing 1x8" shlplap 

No.3 com. (bd. ft.) 4,610 42.00/M ___ 193 . 62 ___ 
6. Wood shlngles No. 1-16"-5/2" (sqs.) 39 5.40 --- 210 . 60 ___ 
7. , Matched lumber 1x6" 

No.1 com. (bd. ft.) 88 55.00/M --- 4.44 ___ 
8. Windows 9 It. -9x12"single sash 4 2 .70 --- 10.80 ___ 
9. Ready mixed paint (3 coats) (gals.) 10 1.10 --- 11 . 00 ___ 

10. Roof ventilators 24-inch flues 2 54.00 --- 108.00 ___ 
11. Galvanized ridge roll (ft.) 
12. Hardware 

70 .05 --- 3.50 ___ 

Bolts 1/2x10" 16 .05 --- .80 ___ 
Steel track for hay door (set) 1 6.80 --- 6.80 ___ 
Guard rail for hay door (ft.) 20 .15 --- 3.00 ___ 
Nails (lbs.) 615 . 04 --- 24. 60 ___ 

Total cost $1,126.78 ___ 

terials would be delivered on the job in Ames, Iowa, in the sum
mer of 1935. Blank spaces are supplied in the table for substi
tution of different unit prices and costs of each item, since these 
vary with different localities. 

The total cost values presented in the tables show that the esti
mated cost for materials of the masonry roof is nearly $1,280, 
which is 131h percent greater than the estimated cost for mate
rials of the structure above the mow floor in a gambrel roof barn 
of wood type construction. This shows that the additional initial 
cost including labor, of a masonry roof is due, not so much to 
the cost of material, but rather to the cost of additional labor 
and the amount chargeable to equipment. 
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