Drift Limitations Imposed by Glass
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INTRODUCTION

Engineers interested in proper aseismic design have for many years
recognized the importance of drift limitations in the analysis of buildings.
The reason for this interest is twofold, one to prevent daxnag_e » both struc=
tural and non-structural, and the other, the disturbing psychological effect
on tke occupants due to the movements which can cause panic. The California
Administrative Code Title 21, which is the building code for the construce-
tion of public school buildings in the State of California, has placed in
Section 111, the following limitation on drift: "The deflection of verti-
cal-resisting elements due to wind or seismic loads in the plane of the wall
shall not exceed one-sixteenth inch per foot of height of the element,
Deflection in the plane of the wall from the head to the sill of a glazed
opening shall not exceed one-sixteenth inch per foot of height of the open~
ing unless the glass therein is prevented from taking shear or distortion
or wire glass is used,.,” This amounts to 0,0052h, Admittedly, this value
of one-sixteenth inch per foot of height was not founded on scientific
knowledge. It was felt that since Title 21 is directed toward safety and
that glass was one of the most hazardous materials in a structure that if
any investigation is made it should be directed toward the drift limita-
tion imposed by glass rather than toward the psycological effects,

At the request of several groups, and to obtain this desired informa-
tion, a research project investigating the behavior of window panels under
in-plane forces was performed at the Engineering Materials Laboratory,
Division of Structural Engineering and Structural Mechanics, Department of
Civil Engineering, University of California at Berkeley,

This paper presents a brief summary of the results of this test pro=-
gram as discussed in detall in the report "Behavior of Window Panels under

In-plan Forces", by J. G, Bouwkamp,

The research project was sponsored by the Division of Architecturs,
Department of Public Works, State of California, and other interested orga-
nizations, A complete list of reports resulting from research projects on
earthquake engineering subjects as sponsored by the Division of Architecture
is given in Appendix I,

1 Assistant Professor of Civil Engineering, University of Califormia,
Berkeley, California,

2 Research Director, Schoolhouse Section, Division of Architecturs,
Department of Public Works, State of California, Sacramento
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©=ST PROGRAM AND PROCEDURE

After giving consideration to the various types of window details
used in school construction, the following list of variables were selected:

1.

2,

3.

Sa

Type of sash (for typical sections see Figure 1)
a. Steel

b, Aluminum

c, Wood

Type of Glass

a, Double strength: 1/8 inch in thickness

b, Crystal: 3/16 inch in thickness

¢, Plate: 1/& inch in thickness

Bedding mastie

3, Soft

b. Hard = a gypsum celite plaster was used to simulate
hardened aged putty.

Clearance of glass in sash
8. 1/4-inch clearance all around
b. 3/8-inch clearance all arcund
Ce 1/2-inch clearance all arcund
Location of wood-screw attachment
a, All four sides
be Top and bottom
Size of sash
a. 2 feet high by 4 feet wide
b. 4 feet high by 4 feet wide
1) Single pane
2) Subdivided
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cs 8 feet high by 4 feet wide
1) Single pane
2) Subdivided
7o Loading
a, Static
b. Alternate static
c. Impact

The sash were mounted on a 2 by 6 inch wood member and attached by
means of wood screws, - (Ses Figure 2,) These wood members were attached
to a pin-connected or hinged steel frame, thus allowing the window panels
to carry the full horizontal in-plane load applied at the top of this
hinged frame, (See Figure 3.) As the window panel deforms under the
applied load, the dead load of the hinged frame will introduce additional
vertical forces on the panel, A spring was installed to keep the hinged
frame in equilibrium in any deflected position.

The following measurements were taken by means of 1/1000-inch mechani-
cal dial gages:

1. In-plan movements of glass panel with respect to sash,
2. In-plan movements of the window panel,

3. Out-of-plane movements of the glass panel {only in the
Series No- 1).

L, Movement of the hinged frame,

A total of thirty-three specimens, subdivided into Series I, IT, and
IIT were tested under a static load to investigate successively, the effect
of the vsriables, Two specimens two by four feet in size were tested under
an alternating-reversible load, inducing one-fourth inch deflection incre-
ments inh each direction, Four panels were tested under impact loads.

TEST RESULTS

The results of the static-load tests and the comparable theoretical
in-plan deflections for the Series I, II, and III are given in the Tables
I, II, and III,

In general the action of the steeland aluminum-sash window panels
with soft. mastic is as follows: the sash deflects as a frame until the
sash bears upon the glass at the loaded corner and in the region of the
diagonally opposite corner. At this point the glass rotates within the
sash frame, thereby permitting considerable additional horizontal movement,
When the glass is seated in the two diagonally opposite corners there is
very slight additional movement as this additional movement is due merely
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to that which would be permitted by the shortening of the diagonal as a
result of the buckling of the glass, (See Figure 4) _

For a wood-sash window panel with soft-bedding mastic the edge of the
glass penetrates into the wood sash and opens the sash frame corner con-
nections, thereby permitting larger displacements than those of the metal-
sash,

When the bedding mastic “is hard, the movement of the head of the sill
is due primarily to the crushing of the hard mastic and of the wood under
the sash frame.

Figure (4) indicates the essential configuration of the sash and
glass when soft-bedding mastic is used and no rotation of the window panel
occurs due to crushing the wood. Figure (5) indicates the configuration
when the sash is allowed to rotate within the building frame, Essentially
it was learned that for metal-sash window panels the drift limitations im-
posed by a single pane of glass bedded in soft mastic is merely a geometri-
cal relationship primarily depending upon the glass clearance (c¢) and the

- panel dimensions d (height) and w (width), pamely:

A—¢d=2¢(l+w)

In multiple metal-sash window panels a similar expression could be de-
rived in which the total deflection is primarily the summation of the de-
flections of the individual panes in one vertical line, namely:

A-¢d=22c(1+§)

Also, an expression determining the drift limitations at failure im-
posed by a single pane of glass where the bedding mastic is hard, was
derived from these test results, namely:

A-fd=F 2c(l+%)
where F = 0,36 .-o.ns.g

This expression for F represents good agfeement with the test results
from Series II, but further tests should be nerformed to evaluate the
factor F more accurately,

Tt can be shown gecmetrically that in all of the above uantities the
portion (1 + 3) should be further decreased by the quantity &; however,
this has been neglected due to its insignificant effect on the results.

For soft mastic glazed metal-sash window panels the glass failed
locally in the loaded corners, The failure occurred by crushing the glass
in one and sometimes in both loaded corners, (See Figure 647) A similar
type of failure combined with the failure of the sash bars occurred in the
multiple~pane metal-sash window panels using soft mastic, (See Figure 8.)
For wood-sash window panels the glass failure was more complete because of
the higher loads or the contained potential energy, under which tbese panels
failed, This large load was a result of the restraining effect of the
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relatively rigid wood stops at both sides of the glass, For hard-mastic
glazed~window panels, a buckling failure of the glass took place generally
over the total glazed area, The restraining effect of the hardened mastic
on the glass panel allowed a considerably higher failure load than for soft-
mastic glszed panels, thus causing a generally complete failure of the pane.

The results from the load«reversal tests indicated that the deflec-
tions at failure were practically identical to the deflections at failure
for identical panels under a static-unidirectional locad,

The results from the impact loading tests, in which the load was ob=
tained by swinging a pendulum weight against the head of the hinged frame,
indicated that the deflecticn of the window panel at failure is essentially
the same as that under static loads, (See Table IV,) The energy load re~
quired to produce glass failure under these impact-load conditions is higher
than under static-=load conditions, The failure pattern was similar to the
soft mastic specimens although not as pronounced,

This investigation has shown that where care is taken to insure clear-
ance for movement of the glass in the sash, a considerable amount cf drift
can be tolerated before glass breakage will occur. However, where movement
is impaired, such as by a hardened mastic or the sash frame, hazard exists
for both the building occupants and the public outside the building, When
the glass fails, fragments of glass are thrown outward from both sides of
the sash, Upon failure of the two by four-foot panels under static-loading
glass fragments were found as far as five feet out from both sides, On
the eight-foot high by four~foot wide panels the lateral travel of the
glass was as far as 25 feet ocutward from the sash, Due to testing limita-
tions, this type of complete failure of glass during impact loading was
not obtained for the hard mastic specimens; however, it is believed that a
similar failure pattern and fragment dispersal would be observed as that
of the static load tests,

This investigation also indicates that the drift limitation of ,0052h
is not conservative where the bedding mastic is hard as indicated by spect-
men numbers A-l-a-i-h, A-2-2-$-h, and A-3-e~f<h, In each case the tested
failure movements, A =ff d, were 0,02 inch less the permitted design move-
ment, The A - § d value would apply to the design of a building where the
sash is comnected directly to building frame and not to an intermediate
wood member,

ACKNOWLEDGEMENTS 2

The research project was sponsored by the State Division of Architec-
ture, Department of Public Works, State of Califormia, Additional support
in the form of glass was obtained from W. P. Fuller and Company, while the
sash was furnished by the Western Architectural Metal Manufacturers, a
metal sash manufacturer's association, and the Woodwork Institute of
California, The California Council of the American Institute of Architects
was consulted for suggestions as to the architectural details of sash which
may be used in future buildings,

1767



5. Souwkemp and J. Fo Meshan

XY

APPENDIX I
LIVISION CF ARCHITECTURE

AVAILABLE ZIV
74SEARCH REPCRTS

fsllowing 1ist of reports of research projects sponscred by the
¢ Aroritacture are available from Printing Division, Documents

Avizion of Ar
Semgtism, 3asramento 1%, Califormia:
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~rice $1,75, rlus tax¥*,

Zahavior of Prestressed Concrete Beams at Transfer® by T. Y.

E.
:’. 3
3)
€2
4
[
[
Bt
w
2
f
=}
®
{é
o]
%
<
]
®
-3
Un
®
B
0
g
L]

3, "Shearing Strength of Reinforced and Prestressed Concrete Lift
Slabs", by T, ¥, Lin, A. C, Scordelis and R. Itaya, price $1.50,
plus tax*,

4, "Radiegraphic Inspection of Reinforced Grouted Brick Masonry®,
by J. R. Benjamin and H, A, Williams, price $1.25, plus tax*,

5, "Lateral Load Tests on Reinforced Grouted Masonry Shear Walls"
by R. R, Schneider, price $1,75, plus tax*,

6s "Frictionsl Effects in Composite Structures Subjected to Earth-
quake Vibrations®, by L., S, Jacobsen, price $1.75, plus tax*.

7« "Action of Timber Structures Subjected to Lateral Loads®, by
C. E. Troxell and V, Bertero, price $1,75, plus tax*,

8¢ "Behavier of Window Panels Under In-Plane Forces" Jde G
Bouwkamp, price $1,75, plus tax*, 7 )

The following reports are available wi
thout charge from the Forest
Products Research Center, State of Oregon, Box 571, Corwvallis, Oregon:

1, "Latersl Tests on a Full-Seale R
oof Diaphragm Sheathed with 2 by
3 inch Lumber®, by R. A, Currier, Report No, T-10, October 1954,

% "Lateral Tests on 12 by 60 foot and
20 by 80 foot Lumber Sheathed
R ¥
oof Diaphragms®, by J. A, Johnson, Report No, T-l2, October 1955.

3» "Lateral Test on a 20 by 6
4 0 foot Roof Diaph ith
Flywood ragm w Stapled
Sheathing®, by J, W, Jobhnson, Repert T-13, December 1955,

by "“Strength Tests on Full
~Scale Plywood Sh w
R. A, Currier, & port T15, Febraary 19 efthed Wall Section®, by

* If purchaser is California resident, add 4% sales tax
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"Racking Tests on Wood Wall Sections with Mullions", by &, D,
Hof strand, Report No, T-17, Sectember 1956,

"Lateral Tests on Full Scale Cable Roofs with Lumber Sheathing”,
by J. W, Johnson and C, H, Burrows, Report No, T-19, October 1956,

The following report is a digest of several papers and is available
;ithout i::\harge from the United States Forest Products Laboratory, Madison 35,
sconsin:

"Diaphragm Action of Diagonally Sheathed Wood Panels", by D. Y. Dcyie,
Report No., 2082, November 1957,

A -
S -
W -
1 -
2 -
3 -
p -
[+ -
a -
b -
1/2 -
3/4 -
1 -
s -
h -
d -
w -

Nemenclature

aluminum sash
steel sash

wooden sash

panel size 4' x 2!
panel size U4 x U4+
psnel size 4' x 8!

panel subdivided into 2! x 4! pancls with the 4' dimension
horizontal

panel subdivided into 2! x 4! panels with the 4! dimension
vertical .

panel attachment all around
panel attachment to head and sill only

1/4" clearance all around between glass and sash cr
1/2" total clearance

3/8" clearance all around between glass and sash or
3/4" total clearance

1/2" clearance all around between glass and sash or
1" total clearance

standard soft bedding mastic (Fuller Steel DAP 1012)
hard bedding mastic subStitute (gypsum-celite)
vertical sash dimension

horizontal sash dimension
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2 - clearance between glass and sash
- retation of sash frame

#
A . total displacement of head of sash with respect to sill
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Fig. 6 General Dial Arrangement 4' x 2' Aluminum Sash
Glass Failure Upper Right & Lower Left Corner

Fig. 7 4' x 8! Wood Sash Fig. 8 4' x 8' Vertically Sub-
divided Aluminum Sash
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TABIE I: RESULYS OF SERIES I
CBJECTIVE: Study of the Effect of Sash Material and Panel Attachment

Deflections at Failurse Failure Theory
Specimen A in, fd in. A-pfd in, Load P 1b, A -fd
Anleael/2ns 0.85 0,03 0,82 2100 0.82
A-lab-l/2-s 0,82 0,07 0,75 1g4c 0675
Aw3epnlf2ms 1,46 -0,25 1.71 2150 1.50
Au3wbel /2.8 2,36 0.51 1,85 1620 1,50
Selegn3/lins 1,19 0,00 119 2680 1,13
S-lebe3/bus 1.19 0,06 1.13 2770 1,13
Sw3wa-3/k-e 2,26 0,10 2,16 1720 2,25
5=3-bw3/liwa 1,84 0,28 1.5 1380* 2,25
Wel-al/2-s 1.4 0.06 1.35 3440
Wol-bl/2.8 2,00 0,05 1.95 3900
We3maol/2-8 3.52 0434 3.18 3340
Wbl /2.8 3.83 0,47 3.36 3430

* Failure due to vertical compression of ‘
glass panel and earl buckling
before total in-plane movement was reached, v :

Key
A-l-a-1/2-8 = Aluminuy sash, 4 ft, horizontal x 2 ft, vertical,
attactment all around, 1/2 inch total Clearance ,
saft bedding mastic, .
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TABLE II: RESULTS CF SERIES IT

OBJECTIVE: Study of the Effect of Panel Size, Glass Clearance and
Hardness of Mastic

Deflections at Failure Fajlure Theory

Specimen A in, fd in, A -fd in.  Load P 1be A fd
A-les-1/2-s - 0,81 ~0,02 0483 oh5 0.75
A-leg-les 1,36 0,00 1.36 1720 1,50
A.z-a.llz-e 1.09 0.28 0,81 4660 1,00
A-2ea les 1,88 0,09 1.79 2400 2,00
Ac3-a-1/2~s 2,06 0.37 1.69 2030 1,50
A=3-a-l-s 2,80 0,00 2,80 860 3,00
Al-a-l/2-h 0.16 0,06 0.10 3850 0,10
A-l-a-l-h 0,27 0.10 0.17 5700 0,18
A-2-a-l/2-h 0,48 0.25 0,23 6420 0024
Aw2-a-l-h 0,67 0.24 0.43 6660 0.9
A=3=8-1/2-h 1,01 0.53 0,48 3550 0.L6
A=3=a-l-h 2.20 1,38 0.82 6750 0,93
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TABLE IIT: RESULTS FROM SERIES IIT
OBJECTIVE: Study of the Effect of Subdivided Panels

Deflections at Failure Failure Theory
Specimen (A)in,  (fb) in, (A -fb)in, Load P 1b,  (A-fb) in,
A-Zep-alf2-s  1.82 0, Ok 1,78 770 1450
Am2upmgml-g 3.02 0,02 3,00 1190 3,00
A-3ep-a=lf2-s 4,31 =0,16 4 e 1200 3,00
Am3ePmBulas 6406 =0,40 616 1300 - 6.00
Aw2-ca-l/2-8 1,60 0,07 1.53 1570 1450
A2<cea-l-s 2,7% 0406 2,70 1030 3,00
Adec-a-l/2-s 2,49 0.00 249 860 3400
A-3=Cgles 5,41 -0,30 5.71 1200 6.00

* Actual failure of first cracking of the glass is not recorded,
At failure of 1200 lb, many corners were cracked, This may be
the reason for excessive deflection as given in the table.

TAEIE IV: IMPACT IDADING

Failure Energy

Fanel (A) in, in. lbs,
A2-2.1/2-s 1,00 1800
A28 /2.3 1.36 | 3000
A-2-ald-s 1,95 6000
A-2-o-l-a « 0.75 7800 *

* Actual failure of glass not obtained,
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DISCUSSION

M. Engle, Consulting Structural Engineer, U, S, A.:

As the speaker has brought out in his paper, control of glass
breakage is important in earthquakes, I had one experience in San
Francisco, California many years ago. Several panes of glass were
broken out of a building 20 stories up. The glass showered down
on the street, and it whistled like a bullet as it struck the pave-
ment. Fortunately no one was hit. A large piece landed about 5’
from me. If I had been hit it would have been fatal I am sure.
From the standpoint of the hazard control of glass breakage in taell
buildings in Earthquake is of importance.

F. Meehan:

I thoroughly agree with you that precautions must be taken to
prevent glass breakage due ,to drift from seismic forces or wind in
the design of not only tall buildings, but of all buildings. This
project has indicated that by giving drift proper considerations,
glass domage can be essentially eliminated. By simply adding a
cushion of wood around the metal sash in a rigid buiding where the
bedding mastic is hard increases the deflection at failure of the
glass from 160% to 210% (See Table II Specimen Alath to A3alh). I
feel reasonably certain that if a flexible gasket of some type (a-
round the glass) could be developed, using ametal stop to seal the
glass from the weather, and without a wood cushion, the large move-
ments indicated in Table II Specimens Alajs to A3als could be used
as a design basis to prevent glass breakege. Where the sash is an-
chored directly to the concrete of a rigid building, the 1/16" per
foot of height of opening should be reduced.

E. Arze, University of Concepcion, Chile:

1. During the recent earthquakes in Chile it was observed tnat,
in seme cases, all the glasses of certain windows will fall to
the same side. In your tests, did the glass fall to one or both
sides? ’

2, Did you run any test applying forces as vibrations perpendi-
cular to the plane of the window?

F. Meehan:

1. The glass dispersal was to both sides of the sash in these
tests. Generally, more glass fragments were found on the side
with the soft mastic because this mastic was less rigid than the

'metal stop of the sash. It is roughly estimatedlthat 60% of the
glass went to the mastic side of the sash and 40% to the metal
stop side. Wwhere the stops were of equal rigidity, such as the
wood sash, the glass dispersal was about equal to each side.
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We made no tests where the load was epplied perpendicular to
the plane of the glass. Glass and mullion manufacturers have
itae a c.onsiderable amount of work with static loading in this
tirection. filass companies and building codes provide recommenda-—
tioms of permissable glass areas for each thickness and type of
glass. Inere are several recommendations, although not found in
building codes, for mullion stiffness in the direction perpendi-—

cular mLthe glass. These are:

a) 240 for wind pressure of 20 pounds per square foot.

L
b} TT% for wind pressure of 10 pounds per square foot.

¢) Glass and frame to resist 35 pounds per square foot, with
no permanent set in the framing.
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