Appendix A
SUPPORTING DOCUMENTS FOR CHAPTER 2

This appendix contains the supporting documents that are referenced in Chapter 2 of this report. All of
the documents contained in this appendix are reproduced with permission of The Port Authority of
New York and New Jersey. Table A-1 contains a summary of supporting documents and their location
within this appendix. The footnote numbers given in the table correspond to those in Chapter 2.

Table A—1. Supporting documents for Chapter 2.

Footnote
Number Document Title Page(s)

Section 2.1 — Building Codes Used In Design

1 Letter dated May 15, 1963 from Malcolm P. Levy (Chief, Planning 132
Division, World Trade Department) to Minoru Yamasaki (Minoru
Yamasaki & Associates)

2 Letter dated February 18, 1975 from Joseph H. Solomon (Emery 133
Roth & Sons) to Malcolm P. Levy (Chief, Planning Division,
World Trade Department)

3 Letter dated September 29, 1965 from Malcolm P. Levy (Chief, 136
Planning Division, World Trade Department) to Minoru Yamasaki
(Minoru Yamasaki & Associates)
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IMILE, PLAMMING DIVISION DIRECTOR

May 15, 1963

Mr. Minoru Yamasaki

Minoru Yamasaki & Associates
. 1025 East Maple Road
Birmingham, Michigan

Dear Yama:

At a recent meeting with Mr. John Kyle, Chief Engineer, the
subject of New York City Code compliance was further amended as follows:

“"A11 consulting engineers and architects working on the World
Trade Center have been instructed to comply with the Code in preparing
their designs. Questions have arisen, however, in areas where the Code
is not explicit. It was agreed that in suchases and, where techno-
logical advances make portions of the Code obsolete, the consultants
may propose designs based on acceptable engineering practice, All such
instances will be called to the attention of The World Trade Center
Planning Division, When preliminary designs have been completed, the
Chief Engineer will review all design concepts with the appropriate
municipal agencies before the consultants proceed with the final design :

Sincerely,

DY

Chief, Planning Division

LF:db

cc: Mr, J. Roth (ERS)
[T P WA
\'; ‘-.L,l '.,..:,(!
PR d
e} Pl ST }

(2.1)
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EMERY ROTH & SONS
850 THIRD AVENUE, NEW YORK, N.Y 10022 (2121 753-1733

RICHARD ROTH, S F_ A 1A, JULIAN ROTH
ADHIMIBTAATION

ESTELLE BEAL
RICHARD ROTH, Ja, A | AL R.I.B.A. cowTROLLER

HARRY J. HARMAN, & (A,

PHILIP MARTINES
NoALAL
JOSERH H. SQLOMON, CHIEr GRAAFTSMAN

February 18, 1975

Mr. Malcolm P, Levy

General Manager

World Trade Center Operations

Port Authority New York, New Jersey
1 World Trade Center

New York, New York 10047

2

WORLD TRADE CENTER

Dear Mal:

In accordance with the instructions issued by the Port Authority
at the start of the project, construction drawings for the World
Trade Center were to conform with requirements of the Building
Code of New York City, and any variations therefrom were to

be called to the attention of the Port Authority for final de-
cision and authorization. This procedure has been followed

in production of the contract drawings and, with the ex-
ceptions authorized by the Port Authority noted below, the
drawings are in accordance with the new Building Code adop-

ted in December, 1968. The Building Department reviewed

the tower drawings in 19680 and made six comments concerning

the plans in relation to the old code. Specific answers

noting how the drawings conformed to the new code with re-

gard to these points were submitted to the Port Authority on
March 21, 1968. '

We were instructed by the Port Authority to deviate from code
with respect to the following areas:

l. Omission of vents from closed shafts., HNoted to the Port
Authority by letter dated April 20, 1967.

2, Demising partitions to sltop at suspended ceiling or bottom
of truss instead of running from slab to slab. Noted to
the Port Authority by letters dated November 9, 1967 and
June 6, 1969 with response on December 12, 1967. Prior
instruction on procedure from Port Authority dated Janu-
ary 26, 1966.

BENIOR ASSOCIATES: VICTOR GORLACH - FRCOD MALDECM - BERHARD KESSLER, AL 1L A - PHILIP TINN, Al A

ASSOCIATES: OOUGLAS FERWANOCL - BCM GLAOSTCIN - MODCAT 5. GOLDBEAG, M. A. - ARTHUA O MECHT « JOHH LEOTTA
JOSCPH LaSCHIAVO, JA. - JOHN H. MILLER - SAL ORLANDO - YICTOR C. SCALLO, A 1. A. - JOHN J, SCCRETI, Jn.

NIST NCSTAR 1-1A, WTC Investigation 133



Appendix A

EMERY ROTH 8 SONS -2~ Febru:ua 18, 1975

3. Omission of fire protected opcnings on exterior walls
with separation of less than 30 feet. Noted to Port
Authority by copy of letter to MYA dated January 26,
1966.

4. Treatment of concoursec level as "Underground Street"
noted by letter to the Port Authority on April 6,
1971, January 11, 1972 and May 7, 1973.

Fire detection and protection rcquirements specified for the
World Trade Center mecet or exceed Building Code requirements
prior to the adoption of Local Law #5. Most other office
towers in the City of New York meet the minimum code require-
ments:

A. Telephone system for Fire Department use connecting
pump room and gravity tank room with all floors. A
six inch gong provided at permanent telephone at pump
room, first floor and gravity tank room. Telephone jacks
at all other floors protected by break glass boxes.

B. Standpipe signalling device: an eight inch gong lo-
cated in the pump room and every 10 floors in the
elevator shaft; an approved closed circuit strap key
enclosed in a sheet metal box at each telephone station
for fire department use.

The Building Code permits the use of louvered doors on toilet
rooms, janitor and electric closets located in 1 hour rated
corridors. There is no sizc limit specified for the louver,
but the Board of Standards and Appeals permits louvers of 2
square feet in 3/4 hour rated doors (which are required in 1
hour rated partitions). Up until about 1968 most office
buildings had 1 hour minimum ratcd enclosures and louvered
doors in telephone closets and sleeves or small slots through
the floor. Since 1968, about 25 percent still have louvers
in the doors. In more recent buildings the floor openings
ha w been slabbed over,

Since corridor construction is required by code to be 1 hour
rated, it follows that louvered doors were acceptable in tele-
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CMENRY ROTH 8 SONS 3 February 1®:. 1975

phone closeta. Corridor partitions in the Trade Center Towers,
however, were designed to meet 2 hour rated construction at
the request of the Port Authority, to forestall any problems
with dead end limitations in the new code. It would require
investigation of individual floor tenant layouts to determine
if the dead end limitation of 50 feet for 1 hour construction
has been exceeded.

The original contract drawings, dated 7/31/67 and the Contract
Bid Sets dated 12/18/67 and 2/9/68 indicate 2 hour rated en-
closures for the telephone closcts with louvers in a FPSC, 1=
1/2 hour label door. The hollow metal door specification
written in 1967 and recccived by the Port Authority on 10/24/67
called for fusible link dampers on louvers in labceled doors.
Letters to the Port Authority dated 8/23/67 and 9/6/67 in-
cated that variances had been obtained for omission of dampers
and requested instruction regarding this advice. The require-
ment for dampers was dclcted from the final draft of the
specification reviewed by the P.A. in May, 1968. Re quire-
ment to meet provisions of underwriter's labs, B.S.A. and
Building Department was retained, however, for doors with
F.P.5.C, and hourly ratings.

Based on Port Authority comments on drawings received 4/17/69
and pursuant to a letter from the Port Authority to Tishman
Construction Company dated 4/28/69 instructing that such

changes be made, the wall of the telephone closet was changed

to 1 hour rated construction on 5/23/69 and the door was

changed to F.P. with a 1-1/2 hour rating. Since the tele-

phone closet was no longer a shaft with a 2 hour rated enclosure,
all floor openings left for future installation of cables had

to be firestopped. This admonition was reiterated in a letter
to the Port Authority dated June 25, 1973.

Please inform us if any additional information is desired.
Sincerely,

RY ROTH & SONS

IR 7 O N

SOLOMON

$EPH H.

JHS 1am
CC:; Mr.,R., Monti, Chief Engincer/ PA
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CHIEF, FLAMMING DIVIEION DIRECTOR

September 29, 1965

Mr. Minoru Yamasaki

Minoru Yamasaki & Associlates
1025 East Maple Road
Birmingham, Michigan 48011

Dear Yama:

We have decided to adopt the new Building Code presently
existing in second and third draft form for The World Trade Center.

The Roth office is requested to revise floer plans as
quickly as possible and on an accelerated basis to comply with
the provisions of this code. It is my understanding that the
present drawings have been prepared teo permit rapid conversion to
the new code. Generally the tower core should be redesigned ‘to
eliminate the fire towers and to take advantage of the more lenient
provisions regarding exit stairs. No other major changs to the
core should be undertaken without review by this office.

The structural consultaants are instructed, by copy of this
letter, to revise structural design in accordance with the more
realistic criteria for partition weight allowance. The majority
of interior partitions, as noted in a previous letter, will comnsis.

of reinforced gypsum plank.

The Roth' office 15 requested to provide-me with the dates
on which we can expect revised floor plans and also to indicate any
changes in design schedule caused by these instructions.

Sincerely,

alcolm P.. Levy

ce: R. Raum (JBB), J. Loring (JRLA)Y, J. Roth (ERS), J. Skilling
and L. Robertson (WSHJ)

Similar letter sent to Mr. Juiian Roth (ERS)
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This appendix contains the supporting documents that are referenced in Chapter 3 of this report. All of
the documents (with the exception of the Laclede Steel Company correspondence) contained in this
appendix are reproduced with permission of The Port Authority of New York and New Jersey. Table B-1
contains a summary of supporting documents and their location within this appendix. The footnote
numbers given in the table correspond to those in Chapter 3.
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Table B—1. Supporting documents for Chapter 3.

Footnote
Number Document Title Page(s)
Section 3.3 — Damping Unit Tests

2 Letter dated June 22, 1967 and enclosure from Don Caldwell of 3M to Peter Chen of SHCR 139
(WTCI-501-L; reproduced without appendices that are contained in WTCI-501-L)

3 “Test Program for World Trade Center Viscoelastic Damping Units,” by Stephen H. Crandall 146
of MIT, May 20, 1968 (WTCI-501-L)

4 “Test of Viscoelastic Damping Units for World Trade Center Tower Buildings,” S.H. 158
Crandall and L.E. Wittig, April 23, 1969 (Box 9, 233 Park Ave.)

5 Letter dated August 29, 1968 from Leslie E. Robertson of SHCR to Malcolm P. Levy of 179
PONYA (WTCI-501-L)

6 Letter dated May 22, 1969 from Leslie E. Robertson of SHCR to Malcolm P. Levy of 182
PONYA (WTCI-501-L)

7 Letter dated June 2, 1969 from Stephan H. Crandall of MIT to John M. Kyle of PONYA 185
(WTCI-501-L)

8 “World Trade Center Report No. DU-3, Viscoelastic Damping Units,” by SHCR, June 2, 189
1969 (WTCI-501-L; reproduced without appendices that are contained in WTCI-501-L)

9 Letter dated November 5, 1971 from Malcolm P. Levy of PONYA to Don Caldwell of 3M 196
(WTCI-513-L)

Section 3.4 — Floor Truss Tests

10 Letter dated April 3, 1969 from David B. Neptune of the Laclede Steel Company to W.C. 197
Borland of PONYA (WTCI-503-L)

11 Internal Laclede Steel Company memo dated May 15, 1969 from David B. Neptune to R.D. 198
Bay (part of WTCI-82-1)

12 Internal Laclede Steel Company memo dated September 7, 1967 from J.R. Paul to A.C. 202
Weber (WTCI-85-1)

13 Letter dated August 10, 1967 from A. Carl Weber of the Laclede Steel Company to Wayne 203
Brewer of SHCR (WTCI-235-L)

14 Letter dated April 19, 1968 from Wayne A. Brewer of SHCR to R.M. Monti of PONYA 205
(WTCI-87-1)

15 Internal Laclede Steel Company memo dated March 18, 1969 from David B. Neptune to R.D. 207
Bay (part of WTCI-82-1)

Section 3.5 — Stud Shear Connector Tests

16 Letter dated November 3, 1969 from James White of SHCR to Lester S. Feld of PONYA 208
(part of WTCI-253-L)

17 Contract dated January 6, 1970 from Guy F. Tozzoli of PONYA to Roger G. Slutter of the 210
Fritz Engineering Laboratory, Lehigh University (part of WTCI-253-L)

138 NIST NCSTAR 1-1A, WTC Investigation



Supporting Documents for Chapter 3

GENETRAL DFHICES « 2500 HUDSON ROAD « ST. PAUL, MINNESOTA %5119 « TCL, 733-1110

Industrial Tape Division

June 22, 1967

Dr., Peter Chen

Skilling, Helle, Christiansen & Robertson
230 Park Avenue
New York, New York

Dear Peter:

Attached are two copies of a report explaining the results
of our tests on full size dampers. I trust these will reach you

in adequate time for your study before our meeting next Tuesday,
June 27, 1967, in St. Paul.

Very truly yours,

Ao

D. B. Caldwell
Project Enginecer
Acoustic Products
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I. Introduction

Vibrational motion of tall buildings and structures can be

damped out by the employment of dampers as non-load carrying
elements in the structure,

Most of the dampers are designed so that they convert part
of the mechanicul eénergy intoc heat and thus reduce the
amplitude of motion. The medium in which this transfer

of energy takes place is generally either a viscoelastic
material or liquid,

In this report we discuss only a particular damper employing
a viscoelastic material as the damping medium,

1I. Damper Shape and Desired Characteristic

In general the damper is comprised of two viscoelastic layers
bonded between three rigid surfaces, planar on at least one
surface (Figure 1).

The damper will be placed such that the application of the
load generates shear deformation in viscoelastic material
such as shown in Figure 1.

Due to specific requirements of the World Trade Center, the
dampers should meet the following requirements within the

temperature range 72-78°F and up to 50% R.H. (see technical
specification),

a, Average Stiffness

The damper should have a total average stiffness
of at least 12,000 lbs. axial load at the specified
frequency of 0.1 C/sec. and at a deflectica of 0.02".

b. Average Loss Factor (tan $)

The average damping factor or loss tangent should be
at least 0.6 at 0,1 C/sec.

c. Eatigue

After 100 cycles at 20x10-3 amplitude and 0.1 C/sec.
G" shall. not decrease by more than 20% when the
damper temperature has returned to its initial
value (first cycle).
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d. Ultimate shear strength

The damper, when loaded in shenr shonld be able to
withstand 48,000 lba. of luad - this includes both
static plus dynamic lced,

e. Static and dynamic deformation

Maximum amplitude of vibration i.e. viscoelastic shear
deformation will be around 20x10-3 inches dynamic and
30x10-3 inches static.

In order to fullfill the above mentioned requirements a visco-
elastic material with the proper dimension was selected. Figure 1l
shows the actual damper with all the dimensions.

I1I. Test Objective and Procedure

a., Test objective

For the purpose of establishing the effectiveness and

the efficiency of dampers the following properties were
selected for evaluation.

1. G", loss shear modulus as a function of temperature
(T) and fatigue cycle (N),

2. W; and Wyng and W, work done in the first and one
hundreth cycles and total work done in 100 cycles
respectively.

3. Temperature rise accompanying fatigue (1L00's and
1200 cy:leq}

L. Loss tangent as a function T and N.

5. G' and G* storage and complex shear modulus as a
function of T and N.

6. Total heat production in viscoelastic material.
7. Ultimate shear strength.

b. Test procedure

Tenty-two full size dampers were prepared for testing.

For the purpose of monitoring the temperature of visco-
elastic material in the dawper a thermocouple was imbedded
in the center of viscoelastic part as shown in Figure 2.
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The shear deformaotion was detected by an L.V, D.T.
which was attached to the damper in such a way that
the coil of the L.V.D,T. was rigidly fastened to the
stationary part of the damper while the core was
clamped to the moving part of the damper, when
cyclic load was applied, as shown in Figure 2,

Tests were carried out at two different locations
and on two similar closed loop-feecd back machines.
Four -ampers were tested at M.T.S. Corporation in
Minneapolis and 1% samples were evaluated at
Materials Research Laboratory Inc. in Chicago.

The testing environment, as far as temperature and
humidity control is concerned, was not ideal.

In general the following test procedures were followed
at both laboratories.

The damper was rigidly mounted, between the machine
ram and the load cell and the L.V.D,T. was connected
through ram control panel to the X axis of an X-Y
chart recorder. The output of the load cell was made
to drive the Y axis of the chart, By the use of
micrometer head (Figure 2) the L.V.D.T. was calibrated
so that one inch of chart in the X axis represented
.004 inches of shear deformation. Load cell was also
calibrated electronically such that one inch of chart
was equivalent to 4000 pounds in the case of MTS
machine and 5000 pounds for MRL machine,

Temperatures were recorded by the use of two TC's
and a two channel recowrdar in which one clhiannel
recorded viscoelastic temperature and the other
monitored the environment temperature., An ice bath

was used as a temperature reference point.

The machines were set on strain control, Signal from
L.V.D.T. was compared to A preassigned signal from

function generator which was set on sine function with
20x10~3 inch maximum amplitude and .1 C/sec frequency.

Refore the start of test run the recorder was calibrated
and the output of both 1C 1 and TC 2 were recorded.
Tests were ~onducted on each damper for 1 to 100

cycles and in one special case a 1000 cycle test was
performed. After A 100 cycle test the damper was left
to cool down and tested at the initial (first cycle)
temr-erature,
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IV, Analysis of Test Resulis

The results oebtained from these tenas were in the form of
hysteresis loops (H.1.) - force vsn, digplacement as shown in
Figure 3. Assuming that the linear viscoelastic theory is
applicable ta thix rase, the relaticnsbips hetween dvinamic
properties of damper for the ease of controlled sinusoidal
displacement of the form

£= LsSinwn

are as {ollows:

J = Jo Sinwt 1
T = Op Sin (Wt + $) 2
G" =a__'-9- Sin 6 3
o
G' = Oy Cos S’ L
7o
D =tan$ = G"/G' 5
o= (G'2 + n2)L/2 6
Wy = Mo X2v 7
where;
L = dicplacement (in.)
A% = maximum displacement (in.)
W = angular velocity (rad/sec)
t = time (sec)

O = shear stress (psi)

06 = maximum shear stress (psi)

S

thickness of

£/T = shear strain (in./in.) T =
v.e. material (in.)

f%/T = maximum shear strain (in./in.)

Jo
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G'y, G and 6G* = cdorape, 1oss and complex shear
motdilas (psi)

D = tand = loss tangent

Wy = dissipated energy in one cyele (in-1b.)
V = 2AyT = total volume of v.e, material (in3)
Ay = viscoelastic shear arca (in?)

The areas of H.L.'s were measured by a planimeter and the dissipated
energy in one cycle, W} was calculated as follows:

Wy = ACC,
where
Ap = area of the H.L, (in2)
C; = force scale factor (lbs/in)
Cyo = displacement scale factor (in/in)

knowing the total volume of viscoelastic material V and also the

maximum strain &, the value of G" can be readily calculated from
Equation 7 i.e.

G" = Wi /N F2EV

By substituting G" in Equation 3 Sin§ and consequently tan§ is
calculated i,e,

Gnaﬂo _ ul
[o% -(6"%) 112~ Teages V)7 - wi?) 77

tan§ =

also from Equations 5 and 6 we obtain G' and G*,

ltimate shear strength were measured on a €C,000 lbs. capacity

universal testing machine, and during testing load-deflection
was recorded.

Calculations were also made in regard to heat gencration and
subsequent storage and dissipation of heat. Total heat generated
was obtained by assuming a linear relationship between dissipated
energy W and the number of fatigune cycles, N,

From this linear relationship the total energy dissipated in 100
cycles will be

Wi * Wino

- -1b
total = == x 100 ftr-l

W
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and the heat generated Qg in
Qt = Wiytal/778.2 A TH
The tctal heat yenerated Q, can be divided into two parts,

1) heat stored in the viscoelastic material, Qg and 2) heat
dissipated through conduction, convection and radiation to
other parts of the system, Qg i.e.

Qe = Qs * Qg 9

Since we measured the temperature rise and nlso know the physical
properties such as density and specific heat of the viscoelastic
material, Qg can readily be calculated. The following formulas
were used in this analysis.

Qs = MyoCAT 10
Qt - Qg = Qg

Tables 1 to 4 represent the numerical results and Figures 4 to 7
represent the graphical presentation of these results.

V. Conclusion

Although the number of test runs on full size dampers are
insufficient for a precise statistical analysis, nevertheless
the following conclusions can be drawn from the results.

G'" and consequently energy dissipation per cycle W arc inversly
proportional to temperature. The relationship seems to be ap-
proximately linear. The relationship of temperature rise to
fatigue cycle is also, for the first one hundred cycles, ap-
proximately linear, but due to the fact that most of the
generated heat is dissipated to the environment, it seems

that after 400 cycle (see results on 1000 cycle test) a

steady state is approached. It is therefore safe to assume
that G" or W per cycle remain relatively constant afterwards.

The effect of temperature on loss tangent in this range (70-82°F)
seems ro be negligible although a slight incrcase in loss tangent
with temperature 1s noticable (Figure 6).

It should be observed that the temperature in the v.c. material
was measurad in a transient state and the actual temperature

in the v.2, material was possibly slightly higher than those
ahorn; but the flifference cannot be more than 1.0° or at most
1.5°F.
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Test Program
for

World Trade Center Viscoelastic Damping Units

Proposed by

Stephen H, Crandall

May 20, 1968
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1. Test Samplas

Fifty-two sample damping units shall be fabricated and delivered to
the Acoustics and Vibration Laboratory, Room 5-024, M.1.T. Thecse units
shall be identical to those which are to be supplicd for installation
in the World Trade Center towera under Contracts WI'C-219.00 and WIC-224.00,
except that each test sample shall have one thermocouple embedded in the
viscoelastic material. The thermocouple specifications shall be delivered
to Profeassor Crandall.

The test samples shall be numbered according to a random pattern and
ten of the units shall be sent to the Port of New York Authority for

storage and subsequent testing for aging effects.

Z, Test Objectives
The major portion of the test shall be devoted to determining the
statistical distribution of the following basic mechanical properties
of the damping unite:
Loss factor for steady cycling at 0.1 Hz.
Dynamic stiffness for steady cycling at 0.1 Hz.
Ultimate load when deformed at the rate of 0.5 in. per min.
Ultimate displacement when deformed at the rate of 0.5 in.- per min.
Thirty samples shall be tested to determine thesc properties. Before
" beginning these teats four samples shall be cycled for 10,000 cycles (4if
failure does not occur earlier) to determine the possibility of fatigue
failures for the dampers. If fatiguerfniluroa do oceur in these four

" samples, it will be proposed that some of the thirty samples for the basic
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statistical tests be used to obtain additional fatigue information (after
loss factor and dynamic stiffnces measurements have been made). These
samples will not then be available for the ultimat~ load test under de-
formation at the rate of 0.5 in. per min. The decision as to how many
samples to divert to fatigue teosting in this manner shall be nade by
Professor Crandall in consultation with all intcrested parties.

In addition to the fatigue test and the basic test for statistical
distribution, supplemcntary teats shall be made on the rcmaining eight
samples to obtain additional engineering information concerning the behavior
of the damping units. These supplementary tests are designed to elicit
information on how the energy absocrbtion of a damper is affected by:

(1) Preload on the dammar,

(11) Preliminary high frequency cyeling,

3. Test Facilities

All cycling testa shall be performed on a special test frame in which
one or two da-mp:lng unics can be cyclically deformed as the structure is
sheared by a motor-driven eccentric. The test frame shall simulate the
average local elasticity of the damping-unit connectors in the World
Trade Center towers. The amplitude of the test-frame deformation shall
be controlled by the siza of the cccentric. The amplitude of the damping
unit deformation depends on the dynamic stiffness of the damping unit
and will vary from eclement to element and will vary with temperature for
any one ;elcment. Damping unit test amplitudes shall be specified in

terms of an equivalent amplitude measured on a steel dummy unit whose
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4
stiffness is 650,000 pounds per inch. The frequency of the cycling shall

be controlled by the choice of sprockets in the chnin drive between the

wmotor-driven reducer and tho eccontric drive-shaft. Fercoo in the damp-
ing units shall be measured by strain-gage load cells nnd deformations

of the units shall be moasured by L.V.D.T.Va. Force~dinplacement curves
shall be recorded on an on--line X-Y plotter. The opecial test structure
shall be disassembled at the conclusion of the tests and sent to the New
York Port Authority for atorage.

The ultimate load tests nhnl'l be performed on a monually operated
hydraulic testing machine with a capacity of 100,000 pounds. <The insiaiu-
manratrion shall be the same as in the cycling tests. The opexator shall
endeavor to mointain the rate of deformation at a nearly uniform rate
as closc as possible to 0.5 in. per min. The actual rate of deformation

shall be recorded.

4. Spcciﬁu-tions for Fatigue Tests

These tosts on four units chosen at random shall be performed prior
to the basic statistical tests described in Section 5 below.

(a). The cycling rate shall remain within * 2X of a fixed value lying
within the range from 0.08 to 0.11 Hz (4.8 to 6.6 cycles per minute).

(b) The mean load on the damping unit during a cycle shall be zero.

(e¢) The cyclic amplitude of the test-frame displacement shall remain
within z 2% of a ﬁ.xeﬁ value lying within the following ranges.

(1) Two damping units shall be tested with equivalent
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azplitudes in & range from 0.018 to 0.022 inches.
(11) 7Two damping units shall be teated with equivalent
amplitudes in the range from 0.027 to 0.033 inches.

(d) The ambient temperature and humidity and the temperature of
the viscoelastic¢ material shall be recorded at hourly intervals during
the fatigue testa.

(e) TForce-displacement curves for each specimen shall be recorded
by an on-line X-Y plotter at hourly intervals duriﬁs the fatcigue tests.
Clocktime and c¢ycle number ohnli be noted.

(f) 1If at the end of 10,000 cycles a unit has not.obviously failed
and ita force-displacement curve has not altered dramatically the cyecling
shall be stopped and the unit shall be removed from the cycling teat
atructure and placed in the ultimate-load test machine. There it shall

.be aubjoctad'to an approximately uniform rate of deformation as near
to 0.5 in. per min. as possible. Force and displacement shall be re-
corded until failure occurs.

If all four units survive 10,000 ecycles and if their subsequent ul-
timate locads are each greater than 35,000 pounds it shall be concluded
that fatigue is not a serious hazard and no further considerations shall
be given to fatigue in this test program.

1f, however, one or more of the four units foil to meet the above
requirements, it shall be necessary to consider very carefully whether
additional fatigue testing should be carried out. Hich additional

fatigue tests would be carried out (on rhitbm mwmiiiin fraﬁ the 30 basic

statistical test-samples) in 1iau of tha ultimate-load test.
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5. Specifications for Basic Statistical Tests

These tests shall be performed on thirty specimena. To deternmine
dynamic properties of the danping units under uniform cycling cach sample
shall by cycled for 100 cycles at a uniform rate. The sample shall then
be allowed to cool down to its initial temperature before going through
two additional cycles. Force-displacement curves and tcmperature data shall
be recorded as described below. After the cycling test cach sample shall
be deformed to failure in an ultimate-load test (if additional fatigue
testing is decided upon, some fraction of the samples shall be given
faiigue iesis iu ldew ol u::i;i;a lsad seae) .

The following specifications appiy to the tests for dynamic propertics
undar uniform cycling.

(a) The cycling rate shall remain within % 2% of a fixed vaiue iying -
with the range from 0,08 to 0.11 HZ (4.8 to 6.6 cycles per minute).

(b) The mean load on the damping unit during a cycle shall be zero.

(¢) The cyclic amplitude of the test-frame displacement shall remain
within t 2% of a fixed value lying within the following ranges.

(i) Twenty units shall be tested with equivalent amplitudes
in the range from 0,018 to 0.022 inches.
(11) Ten unite shall be tested with equivalent amplitudes
in the range from 0.027 to 0.033 inches.
(d) The ambient temperature and humidity and the temperature of the

viscoelastic material ehall be recorded for the 1".'10th, 20th' so‘“
th

200" and 101°° eycles for each specinmen,

(e) Force-displacement curves shall be recorded by an on-l.ue
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X-Y plotter for the 1°F, 2™, 10*", 20*™, 50" and 100" cycles for each
specimen. At the end of the 100"‘ cycle, the deformation nhall be suspended
until the viscoolastic matarisl rotumrns to its initial temperature, plua
or minus 0.2° F. The time required to reestablieh the initial thermal
condition shall be recorded. Then cycling shall be resumed for an addi-
tional two cycles. Porce-displacement curves for cycles 101 and 102
shall be rocorded.

The following specifications apply to the ultimate~load test.

(f) The damping units shall be transferred from the cyclic-test
frame to a 100,000 pound ‘hydraul.ic test machine. Half of the units shall
be tested o tanalon and half in compression.

(g) Ambient tempararur,

r.é h.-iéit-- awmad =h Somemamo e

- = .
mEpWLBLULE Vi (918

viascoclastic material shall be racorded at the beginning of cach ultimate- -
load tost.

(h) The testing machine shell be manually controlled to provide a
nearly uniform rate of deformation as ncar as possible to 0.5 inchea per
minute.

(i) Force-displacement curves to failure shall be recorded on an
on=-1lino X-Y pletter. The time history of displacement shall also be
obtained.

(1) TFailure modes shall be noted and photographed where informative.

6. Supplementary Tests
Four specimens shall be tested to investigate the effect of preleoad

on the cnergy absorbtion of the damping unitse. These teats shall be
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similar to the cycling portion of the basic test with the exception that
instead of cycling about a mean load of zero the cycling shall take
place around non-zero tensile and compressive loads.
The specifications for the preload test are given below.
(a) The cycling rate shall remain within 2 22 of a fixed value lying
with the range from 0.08 to 0.11 Hz (4.8 to 6.6 cycles per minute).
(b) The damping units shall be inserted inte the test frame in auch
a manner that the mcan deformation of the element during the cycle takes
on the following wvalucs.
(1) Onc unit nhall‘ be tested with a cyclic mean equivalent
elongation in the range between 0.009 and 0.011 inches,
{21} Cuwe wnii shail be testea with a cyclic mean equivalent
elongation in the range between 0.018 and 0.022 inches,
(111) One unit shall be tested with a cyclic mean equivalent
compreasion in the range between 0.009 and 0.01)1 inches.
(iv) One unit shall be tested with a cyclic mean equivalent
compression in the range between 0.018 and 0,022 inches.
(c) The cyelic amplitude of the test frame shall remain within %+ 2%
of a f£ixed value which shall produce an equivalent amplitude within the
range from 0.018 to 0.022 inches.
(d) The azbient temperature and humidity and the temperature of the
viscoelastic material shall be recorded for the 1°%, 10%%, 20%", s50t®,

th

100*" and 101** cycles for each specimen.

(e) Torce~-displacement curves shall be recorded by an on-line X-Y

nd

plotter for the 185, 279, 10", 20%B, 50°®, and 100" cycles for cach
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specimen. At the end of the 1(10th cycle, the deformation whail be suspended

until the viscoelastic material returns to its initial temperature, plus
or minus 0.2° F. The time required to recestablish the initial thermal con-
dition shall be recorded. Then cycling shall be resumed for an additional
two cycles. Force-displacement curves for cycles 101 and 102 shall be
recorded.

Four specimens shall be tested to investigate the effect of higher
frequency cycling on the energy absorbtion of the damping units. Each
specimen shall by cycled for ten cycles at the standard amplitude and
frequency. Then the frequeacy .;h.u be increased and the amplitude de-
cressed (or left unchanged) and the units cycled for 100 cycles beiore
returning to the standard amplitude and frequency. Force-displacement curves
shall be recorded before and after the high frequency eycling as described.
below.

Specifications for the high-frequency test are given below.

(f) All four specimens shall be cycled for ten cycles at a ﬁxed
frequency between 0.08 and 0,11 Hz with an equivalent amplitude between
0.018 and 0.022 inches.

(g) Ambient temperature and humidity and the temperature of the viaca-~
clastic material shall be recorded for the 1°% and 10"“ cycles.

(h) TForce-displacement curves shall be recorded on an on-line X-Y
plotter for the 1°% ana 20% cycles.

(1) TFor two samples the equivalent amplitude.shall be decreased to
a fixed value within the range from 0.009 to 0.011 inches and the cyecling

frequency shall be increased to
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10
(1) A value between 0.23 and 0.27 liz for one sumple.

(11) A value between 0.46 and 0.54 liz for one nample.
For the other two samples the equivalent amplitude shall be mnintained
within the range 0.018 to 0.022 inches and the cycling freguency shall
be increcascd to

(111) A value between 0.23 and“0.27 liz for one sample.

(4v) A value between 0.46 and 0.54 liz for one sample.
The specimens shall be cycled for 100 cycles at the higher frequencies
indicated.

(3) Ambient temperature and humidity and the temperature of the visco-.
clasiic waierial shaii be recorded at the 1T, 107", 20°%, 50°% and 100%%
high-fraquency cycles.

(k) TForce-displacement curves shall be recorded for the 1°%, 50°, and
100%" high-frequency cyclea.

(1) The frequency and equivalent amplitude for each specimen shall
now be returned to the values established in (f) above. The time elapsed
while making thias change shall be noted. The specimens shall then be
cycled for ten cycles as in (f). The measurements in (g) and (h) shall

be repeated.

7. Report of Test Results

The dynamic characteristics of the viscoelastic damping units as
determined by these tests shall be reported as follows. For each of the
parameters listed below a statistical distribution diagram shall dbe given

along with values for the mean and standard deviation.
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(a) For the first and one hundred and firat cycles of ateady cycling
at nominal frequency of 0.1 lsz and nominal equivalent amplitude of 0.02
inches (and 0.03 inches) the following parameters.
(1) Dynamic stiffness
(11) Losa tangent
(111) Energy dissipated
(b) For ultimate testing at a nominal rate of displaccment of 0.5
inches per minute ¢ension and compression) after previocusly enduring 102
cycles at nominal frequency of 0.1 Hz and nominal equivalent amplitude of
0.02 inchea (ana V.03 inches) ihs Scllowing naramatera.
(1) Vltimate strength in pounds

(1i1) Ulcimate deformation in inches

]
-

a faednua invastization shall be demcribed. Edther

i
;
;?
|

the ability of these units to endure repeated loadings ahall be verified
" or an S-N type diagram shall be given.

The results of the preload investigation shall be described. The
energy absorbtion capabilities of a preloaded damping unit ahall be graphi-
cally compared with that of a unit without preload. The results of the
high-frequency cycling test shall be described. The energy absorbtion of
a damping unit before and after high~-frequency cycling shall be graphically
compared.

An analysis shall be made of the effects of ambient temperature and
element temperature od the dynamic characteristizs of the damping units.
Graphs shall be plotted of actual element displacement, cyclic energy loss

and loes tangent as a function of element temperature.
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In addition to siﬂ:ns dynanic characteristics for thoe damping units
separately a discussion shall be given of the cyclic test {rame and its
interaction with the damping unita. The force and displaccment of the
eccentric driver shall be recorded for certain cases ao that the total
energy input to the frame can be compared with the loss in the damping
units.

Ais original X-Y plots. with necessary identification shall be

included in the report.
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Test of Viscoelastic Damping lLnits

for World Trade Center Tower Buildings

by 5. H. Crandall
L. E. Wittig

Summary

Tests have been performed on 39 samples of the viscoelastic
damping units proposed by 3-M for the World trade Center Towers to
determine the distribution of their mechanical properties and to
ascertain their effectiveness under a range of off-design operating
conditions. It was found that although there is considerable varia-
bility of properties from unit to unit in a batch and from one batch
to another, the energy absorbing capabilities of the elements are
generally adequate to provide the expected damping under design con-
ditions and that the elements do perform satisfactorily under limited
variations of: loading conditions; speed of oscillation; duration of

oscillation and ambient temperature,
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I. Introduction
In order to control the tendency of the World ‘lrade Center Towers
to sway under the acticn of high winds it is planned to increase the
inherent structural damping of the buildings by attaching viscoelastic
damping elements at the major structural joints connecting floors and
columns. The damping elements are bolted between the columns and the lower
members of the floor trusses in such a way that the elements are forced
to elongate (or sherten) whenever the buildings sway. These damping
elements have been designed by Skilling, Helle, Christiansen and Robertson
(SHCR) and fabricated by Minnesota Mining and Manufacturing Company (3-M).
See Reference [1] for background information and the results of tests by
3-M on 22 protetype units. The present series of tests has been conducted
to supplement and to serve as an independent check on these earlier tests.
Twenty units were tested according to a basic or standard test
which closely paralleled the earlier 3-M tests. The standard test consists
of two parts: a cycling test and an ultimate test. In the cycling test
an element's elongation and force is monitored for 100 cycles as it undergoes
simple harmonic motion at the design amplitude and frequency. From these
measurements it is possible te evaluate the following important mechanical
parameters for the elements: the dynamic stiffness k (kips/inch), the
energy-dissipated per cycle W(inch-1lbs) and the loss tangent, tan ¢, and to
ooserve how these parameters change during a period of steady cycling which
tasts for 100 cycles (16.7 mirutes for the design frequency of 0.1 Hz). In
the ultimate test the element is stretched (or compressed) at the steady
rate of 0.5 inches per minute until failure occurs. The elongation and

force history are monitored and the ultimate values of each are recorded.

3=
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In addition to the standard test,., 19 additicnal tests were per-
formed to investigate the endurance capabilities of the elements and
to investigate their operation under conditions different from the design
conditions prescribed in the standard tests. The conditions tested |
included variations in amplitude and frequency, variations in ambient -
temperature and the effect-of-superposing a static preload on the
gsimple harmonic loading employed in the standard cycling test.

The principal differences between the standard cycling tests of
this report and those cof reference [1] arise from the differences in
test facilities. The tests of Reference [1] were performed in a
servec-controlled testing machine which maintained a fixed (single) ampli-
tude of 0.020 inches throughout the test. The testes described herein
were performed in a specially built test frame (see Fig. 1) which was
intended to simulate the structural environment which the elements will
see when they are fastened in place in the World Trade Center Towers.
During the test the irame is periodically sheared by a motor driven
eccentric (see Fig. 2). The amplitude of the frame shear is controlled
by the “throw'" of the eccentric. The damping element under test (see Fig. 3)
is forced to expand and contract as the frame is sheared. The element
elongation amplitude depends on the relative stiffness of the frame and of
the element itself. The precise relation is somewhat complicated and is
developed in Apperdix A. It is sufficient here to realize that for the
same frare shear (same sized eccentric) the element elongation awplitude
for a soft element will be greater than for a stiff element.

In order to describe the frame shear in a meaningful way the elonga-

tion amplitude of an aluminum alloy '"dummy" element (see Fig. 4) with a

=k
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stiffness of 600 kips/inch was measured and c¢ ¢ cquivalent ampli-
tude. During the actuval tests the clongatien amplitude for the visce-
elastic elements were greater or less than the equivalent amplitude
depending on the stiffness of the element under test. Three different
sized eccentrics were anployed. The standard tests were performed using
an eccentric which preduced an equivalent amplitude of 0.019 inches. The
cther eccentrics produce cquivalent amplitudes of 0.G10 inches and 0,023
inches. The frequency of cycling during the standard tests was approxi-
mately 0.1 Hz (actually .098¢% Hz). This corresponds tc a period of 10
seconds per cycle (actuvally 10.11 seconds per cycle). Cther tests were

also run at twe and 2 half times this frequercy, and at five times this

frequency.

II. Description of Tests

A. Test Frame

All cyclic tests were performed on a special test frame

(see Fig. 1). This special frame was constructed for these tests because
it was felt that the damping units should be tested in a structural
envircnment similar to that in which the dampers will be installed in the
World Trade Center Towers. The test frame allows the demping units to
deform mere naturally than they would deform if tested ir a standard test-
ing machine. For example, the damping units tend te rotate somewhat when
they are elongated in either the test frame or in their building environment.
A standard testing machine, however, would not allow such rotational moticn.
The test frame also permitted us tc check the ef fect of small micalipgn-
ments in the installation of the dampers.

The test frame is goemetrically quite siwilar to the truss-outer

wall portion of the buildings. Darping units are held in the test frame

NIST NCSTAR 1-1A, WTC Investigation



Supporting Documents for Chapter 3

with 1l-inch diameter A490 bolts in single shear on one vud and witn

7/8 inchk dimecter AXID boits in deublo sheer on e olher end, cortes-
ponding to their installation in the buvildings. A 13060 ft-1b. impact
wrench was used to tighten the belts (see Fig. 5) according to turn-of-
the-put regulatione [2]. The nain requirement of these regulatione is
that after the nut has been brought up tight with a hand wrench the power
wrench 1s applied to turn the nut thrcugh an additienazl 180°, New bolts
were used for each test and shim materjal was usec when needed for proper
alignment.

When testing the dampirg units, the whole test frame was defcrmed
sinuscidally by a mctor driver eccertric (see Fig. 2). The equivalent
amplitude referred to in the various tests is the elengation amplitude
that a lossless elastic mermber with a stiffness of 606,000 1bs./in. would
experience if it were to be bolted intc the test frame instead of a
damping unit (a more complete discussion of the stiffness of the test
frame anc its affect cn the elongation amplitude of a damping unit is given
in Appendix A).

The test frare was located in a temperature controlled room. The
temperature and humidity were recorded during all tests. For all tests,

except. when specially noted, the temperature has held at 75°F + 3°F.

B. Standavrd Cycling Tests
The most ccmmon test that wezs perfcrmec is referred to ae
the standard stétistical test. This test was carried out on the test
frame descrited abcve. The equivalent arplitude during this test was
19 mils (one mil equals 0.GO1 inches); the period per cycle was 10.11 seconds.
The stardard test was intended tc be somewhat similar tc tests performed

by 3M Company so that our recults could be compared to their results.

G
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Durirg a standard test the damping units were cycled 160 times
and data was taker ern the lst, 2nd, 10th, 20ch, 50th ard 100th cycles.
The units were then allowed to relax fer 20 wminutes and nore cata was
taken on the 10lst and 102nd cvcles.

Damper extensions and cortractions were measured with an LVDT
(linear variable differential transformer).. The LVDI was moﬁnted as
shown in llg: 3 so that the total moticn between the two ends of the
damper was measured along the certral axis. It should be noted that in
this respect thece tests differ from those of 3-M where cnly the
relative moticn betweer two internal pointe within the damper was
measured. The axial force apolied to the danpér was measured with a
strain gage dynamometer located in the angles thal connect the dampers
to the truss. The temperature of the viscoelastic layer was monitored
by a thermocouple embedded in the viscoelastic material. The LVDT and
the force gage were calibrated for each test.

Outputs frem the LVDT and the force gage were fed into the same
X-y recorcder shown on the left of Fig. 6. Becausge of the viscoelastic
behavier of the damper there is a phase shift between the force signal
and tbe elongation signal. The phase shift causes the force-elengation

plet to form a closed hysteresis loop during eack cycle of oscillation.

The area of the loop is directly propertional to the energy dissipated

du;ing the cycle. The loss factor and the dynemic stiffness of the
damper can 2lso be determined from this plot. The output frcm the thermo-
couple was fed into a secenc x-y reccrder shown ir the right in Fig. 6
and plotted as a functicn of tire.

During cne test the rotational moticn of the damper and the mcment
8pPplied to the damper were ressurec. From this information the amount

q‘l' | &
NergY absorted by the damper due to rotational motion was calculated.

—T=
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C. ©Special Cycling Tests

Besides the standard statistical tests, some additional
cyclic tests were performed to determine further pronerties of the
damping units. Four different types of tests were carried out:

(i) endurance tests, (ii) preload tests, (iii) higher frequency tests,
and (iv) one endurance test at an elevated temperature.

The purpose of the endurance tests was to check the fatigue
life of the damping units. These tests were quite smmilar to the
standard tests described earlier except that the total number of cycles
was much greater. Two tests were run with an equivalent amplitude of
10 mils for 10,000 cycles, and two tests were run with an equivalent
amplitude of 19 mils until fatigue was noticed.

The preload tests were performed by bolting the damping
units into the test frame when the frame was slightly deformed from its
neutral position. This procedure forces the damper to oscillate about
& nonzero mean displacement. Such a condition could easily arise in
the World Trade Center Towers if the swaying oscillation took place
about a static sway due to the steady state wind components. These
.tesfa wvere also performed in a manner similar to that of the standard
test.  However, during the four nreload tests the mean equivalent
pre-elongations were approximately + 10 mils and + 20 mils.

The higher frequency tests were conducted to see if oscilia-
tions at frequencies corresponding to the hipgher modes of the buildings
would cause any deterioration in the effectiveness of the dampers.
Higher test freguencies were obtained by chsnging the sprockets of the
motor trensmission system. During these tests the damper specimens

were first cycled 10 times at the standard frequency of 0.1 Hz and at

.
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the standard equivalent amplitude of 19 mils. The frequency of the
forced oscillation was then changed to either 0.25 .Hz or to 0.50 Hz;

the equivalent amplitude was either held the same or reduced to 10 mils.
The specimens were cycled 100 times under these new conditions. After
these 100 cycles the frequency wss returned to 0,10 Hz and the equivalent
amplitude was returned to 19 mils. The qpecimens were cycled 10 more
times to see if there was any noticeable change in the damper properties
since the original 10 cycles.

The last special cyclic test that we performed was an
endurance type test with the exception that the ambient temperature was
10°F above the normal 75°F. The results of this single test were dis-
cussed in some detail in a preliminary report which is included here

as Appendix D.

D. Ultimate load Tests

All of the damping units from the standard statistical tests
and the endurance tests were subjected to an ultimate load test. The
ultimate load test consists of stretching or compréssing the dampers

until they are physically broken. The purpose of“these tests was to see

‘if the specimens still met the acceptance levels established by 3M

Company after they had been through the cyclic tests. These tests were
performed on & manually controlled hydraulic testing machine with a
capacity of 200,000 pounds (Figs. 7, 8). The axial force and elongation
of the damper wvere recorded on an x-y recorder during the test. An
additional X~y recorder was used to monitor the rate of axial elongation
of the specimen. This rate of axial extension was held as close as
vossible to 0.5 inches per minute. Half of the specimens from the

standard statistical tests were broken in tension and half were broken
-0
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in compression. All of the specimens from the endurance tests were
broken in tension. The grips for these tests used 1 inch diameter AL9O
bolts in single shear at one end of the specimen and 7/8 inch diameter
A325 bolts in double shear at the other end. From the recorded results
statistical information on the ultimate loads and the ultimate extensions

of the dampers has been obtained.

III. Results of Tests

A. Standard Statistical Tests

The major portion of this test program was devoted to

measuring some basic mechanical propefties of the damping units. The
damping unit ‘proverties that were obtained are their loss factor, dynamic
stiffness, ultimate load, and ultimate extension. The amount of energy
dissipated per cycle by the dampers and the amplitude of the periodic
displacement between the ends of the damping units was algso measured.
Statistical distribution curves for the dynamic stiffness, 1655 factor,
energy avsorbed per cycle and the amplitude of the periodic displacement
are given in Figures 9, 10, 11 and 12. The results of the ultimate
load tests are discussed in Section III-C. For sake of comparison,
results of tests conducted by 3M Company are included in the same figures.

The data used for the statistical information of this investigation
was téken from measurements made during the tenth cycle of oscillation.
'Hyﬁteresis loops recorded during first and second cycles were usually
not closed, and therefore, data.rrom these first two cycles is not as
accurate as data from the tenth cycle. Also, since it is quite probable
that oscillation of the Trade Center Towers will occur in groups of
several cycles (this is typical of narrow band random vibration), we feel

that the tenth cycle information is more meaningful. The results of tests

=10-
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conducted by 3M Company were taken from tables in Reference 1. For

the dampers they tested, we plotted the results corresponding to the
first test on each individual damper that was tested at an ambient
temperature of T5°F + 3° F, Nineteen of their tests fell in this
category.

The mean value and the standard deviation for each of the

damper properties are listed along with their distribution curves.

The most important single parameter is W the energy loss per cycle.

In our opinion the average value W = 5Tk inch. lbs. (with a standard
deviation of T2 in&h. 1bs.) is satisfactory for the proposed application.
It may be noted that the mean values of'dynamic stiffness and loss factor
that we measured (i.e., 555 kips/inch and 0.836 respectively) are above
the levels (40O kips/inch and 0.7 respectively) stated in the Qualifica-
tion Requirements [3]. The spread of the distributions about the mean
is quite large. In the case of the loss factor the standard deviation
(0.168) is sufficiently large that had these dampers been representative
of the samples used to determine Acceptance [3] there is a good chance
that the initial sample would not meet the manufacturing control limit
for loss factor.

As was mentioned earlier, the output signal from a thermocouple

imbedded in the viscoelastic material was also recorded. The results

of this measurement unfortunately were usually somewhat erratic. Some
- temperature data did make sense insofar as it showed a gradual increase
in the temperature of the viscoelastic layer as the test progressed (see
for example the records of damping specimen No. 19 included in Appendix B).
In general, however, most of the records were not useful. The reason
for this may be that some of the thermocouples were in actual physical

contact with the metal of the damping units, whereas others were not.

-11-
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Originally we had planned to run the 10lst and 102nd cycle of the stan-
dard test after the thermocouple indicated that the specimen had returned
to room temperature. Because of the difficulties with the thermocouple
wve decided to let the specimen recover for twenty minutes, before running
the last two cycles. Twenty minutes was chosen because it was the
approximate duration of the first 100 cycles of the test.

All of the thermocouple records displayed a periodic pattern.

They show that the viscoelastic layer both heats up énd cools down once
during each full cycle of oscillation., This behavior was at first rather
surprising. We expected that the record would show two peaks per cycle
instead of just one. Two peaks would occur if the viscoelastic layer
could not tell a positive shear from a negative shear, The probable
explanation for the observed behavior is that the viscoelastic material
is anisotropic - i.e., its nroperties are a function of direction,

Figure 13 shows how the properties of a typical damping unit
change during a standard test. In general the stiffness of the element
tends to decrease while the energy dissipated per cycle, the loss tangent,
and emplitude of displacement all tend to increase. After a 20 minute
rest-(qyclea 101 and 102) the element properties have shown & recovery in
the difection of their original values. We computeﬁ the average fatigue
loss. between the 10th and 100th cycles of the standard tests and found it
to be about 11%. The fatigue loss is the percentage change in the loss
modulus G". It is also equal to the percentage change in w/62 where W
is the energy loss per cycle and 6 is the elongation amplitude.

From bending moment measurements made while testing specimen No. 1,
the energy dissipation due to rotational motion of the damper was cal-

culated to be about 19% of the dissipation due to axial motion.

-12~
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The effect of misaligning the damper specimen in the test frame
was also investigated. Misalignments_of the order of 1/4 inch, so
that the dampers can be easily pushed into place by hand, appear to have
a negligible affect on the amount of energy which the dampers absorb.
For the benefit of future users of the test frame, a sample of

the data reduction for a standard test has been included in Appendix B.

B. Special Cycling Tests

Four different endurance tests were conducted. Two of
these tests were run with an equivalent amplitude of 10 mils, and two
were run with an equivalent amplitude of 19 mils. The results of a
low amplitude test are shown in Figure 1l. As can be seen, the proper-
ties of the damping element did not change appreciably in the course of
10,000 cycles. The properties did fluctuate somewhat, but this was
probably due to small changes in the ambient temperature., During the
second low amplitude endurance test, the'frequency of oscillation was
increased so that the total rate of energy dissipation would be about
the same as it was during the high emplitude endurance tests. Even
after this higher rate of energy dissipation the specimen did not appear
to be damaged.

The results of a high amplitude (19 mils equivalent amplitude)
endurance test are shown in Figure 15. These results show that there
is some definite damage to the damper at about the 1000th cycle. This
test was probably too severe, SHCR estimate that on the average there
vill be only 15 cycles a year with amplitudes greater or equal to to
amplitude used in this test. Furthermore, the test frame used in these
tests tends to overstretch the damper when it softens (see Appendix A).

For the above reasons it appears that chances. of fatigue failure of the

dampers are unlikely.
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All of the tests conducted for this report were made with the
assembly bolts of the dampers in a finger tight condition. After the
element mentioned above had fatigued, we found that tightening the
assembly bolts seemed to restore some of the life of elements. Also, we
found that if the assembly bolts were only finger tight before the
element was bolted into the test frame, then vibration caused by the
impact wrench completely loosened them. For these reasons we highly
recommend that the assembly bolts of the damping units be kept tightened
at all times. We also checked to see if tightening the assembly bolts
affected the amount of energy dissipated by the dampers, and found that
tightening them decreased the energy dissipated about 10%,

The preload tests indicated that forcing the dampers to oscillate
aboﬁt a nonzero mean displacement does not appear to reduce their
effectiveness. The average energy dissipated during the 10th cycle of
the preload tests was 581 in. 1lbs., whereas the average energy dissipated
during the 10th cycle of a standard test was STU in., 1lbs.

Figure 16 shows the results of a typical high frequency test. The
overall results of the high frequency tests demonstrate that intermediate
oscillations at higher frequencies do not appear to change the effective-
ness of the dempers at the standard frequency of 0.1 Hz.

Besides the tests discussed above, a few other tests were performed.
One series of tests that is of some interest is a set of three 100 cycle
tests at an equivalent amplitude of 23 mils on damping unit No, 3. At
the end of the third test some definite changes in the damper properties

were noticed. The results of these tests are included in Appendix C.

C. Ultimate Load Tests
The results of a typical ultimate load test are shown in

Figures: 17 and 18. The curves which are shown are for an element that

—“1h-
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was tested in tension. Two peaks appear in the load-elongation curve
(Fig. 17) because after one side of the element separated the other

side continued to load for a while longer. The displacement vs. time
curve (Fig. 18) shows that the rate of elongation was quite close to the
desired 0.5 inch per minute.

Statistical distribution curves for the ultimate loads and
ultimate extensions of dampers from the standard statistical tests are
shown in Figures 19 and 20. The results of 13 tests conducted by 3M
Company and reported in Reference 1 are also shown.

It may be noted that the average ultimate load (47.7 kips) that
we measured is greater than the value (U5 kips) stated in the Qualifica-
tion Requirements (3]. The spread of the distribution is quite large.
The standard deviation (9.3 kips) is sufficiently large that had these
dampers been representative of the samples used to determine Acceptance [3]
there is a good chance that the initial sample would not meet the
manufacturing control limit for ultimate shear strength. In our tests
half of the units were broken in tension and half were broken in compression.
The average ultimate load for the tension units only was 51.0 kips and
the average ultimate load for the compression units only was Lk, L kips,
The average for both tension and compression was 47.7 kips.

The most common mode of failure for the specimen was separation
at the bond between the metal and the viscoelastic material. All of the
elements that were tested in tension, and about half of the elements
tested in compression, failed in this manner. Another mode of failure
that occurred during the compression tests was for the viscoelastic bond
to b;eak on one side of the element and then for the other side of the

element to buckle (Fig. 21). Only one element that was tested buckled

-15-
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on both sides, The buckling and the breaking of the viscoelastic
bonds were the only modes of failure that occurred.

Ultimate load tests were also conducted on the elements from
the endurance test. The two elements from the low amvlitude (10 mils
equivalent amplitude) endurance tests both broke at loads that were
slightly higher than the average ultimate load of 47,700 lbs, However,
the two elements from the high amplitude (19 mils equivalent amplitude)
endurance tests broke at loads of 22,000 lbs. and 14,000 1bs, which is
considerably lower than average. This further verifies that prolonged
cycling of the damping units at high amplitudes does result in

permanent damage.

IV. Conclusions

The most important characteristic of the damping elements is
their capacity to absorb energy under oscillations at amplitudes and
frequencies which are probable for the World Trade Center Towers,
Ideally they should absorb adequate energy no matter when the oscillations
occur or what the ambient conditions are during the oscillations. 1In
our tests we have not been able to cover all possible operating conditions
but we have shown that this particular batch of elements do absorb an
'average of W= 574 inch-1lbs under standard test conditions with respect
to amplitude, frequency and temperature., Furthermore, the energy
absdrbtion is not significantly impaired by modest variations in amplitude,
frequency and temperature.

Our mejor concern in the beginning centered around the endurance
capability of the elements. We found that the elements could withstand
10,000 cycles of 10 mils equivalent amplitude with no indication of

permenent damage. At large equivalent amplitudes (19 and 23 mils) we did

-16-
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obtain evidence that prolonged cycling caused a growing breakdown of
the bond between the viscoelastic material and the steel which was
reflected by a reduction of the element's stiffness and its ultimate
load capacity. See data for Specimens No. 3, No. 4 and No, 5. 1In
spite of the alteration of properties which occurs we conclude that the
units will provide adequate energy absorbtion for at least 1000 cycles
of 19 mils equivalent amplitude at temperatures in the vicinity of
T5°F. When the ambient temperature is in the vicinity of 85°F the bond
breakdown is apparently accelerated somewhat, At this temperature

(see Appendix D) it appears that the units will provide adequate energy
absorbtiqn for 500 cycles of 19 mils equivalent amplitude. If present
estimates of the number of large oscillations to be expected are not
excessively optimistic, it does not appear that there is any real danger
of a loss in element effectiveness due simply to the accumulation of
cycles of oscillation.

An unknown factor is the effect of aging on the viscoelastic
elements. Our tests were completed within a six month period. We had
no opportunity to observe any long time deterioration of the elements.

Another unknown factor is the effect of extreme he#t or extreme
cold on the viscoelastic elements,

When the elements are installed in the towers it is essential
ﬁhatjthe.bolts be tiéhtened meticuluosly. Any slip in the joints would
vitiate the usefulness of the dampers. Careful alignment of the element
attéchment points should be maintained., Our tests indicated that up
to 1/4" of misalignment did not affect the energy absorbtion capability
of the element. We recommend that the element assembly bolts be tightened
with a small hand wrench after installation rather than being left
finger-tight. This mey decrease the energy absorbed by the element in
small emplitude cycles by up to 10 percent but it will serve to protect

-17-
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the element against deterioration under large amplitude cycles.

Because of the wide spread in damper properties from batch to
batch and from unit to unit within a batch, it is suggested that a
program of testing sample units be instituted to check on element
parameter values as the various batches are delivered. The most
important single parameter is the energy dissipated in a cycle of 10
seconds duration under a known equivalent amplitude, It is this
parameter which is directly proportional to the increase in overall
tower damping ratio provided by the damping unit. It would be desirable
if W, the energy loss per cycle, for 19 mils equivaleﬁt amplitude was
never }ess than 40O inch lbs. A desiraﬁle average value of W for all
batches would be 575 inch lbs. (i.e., about the same as that of the

batch reported on here).

V. Suggestions for Further Testing

A program of periodic testing of random samples of installed
elements and of the stored unused elements should be instituted. All
the endurance tests pérrormed so far have been accelerated life tests,
The effect of the passage of yeers on used or unused elements is still
an unknown factor.

The calcualted effectiveness of the dampers depends on the
magnitude of the local frame stiffness almost as much as it does on the
aamping unit parameters. If the local frame stiffness were only

_ 200 kips/inch instead of the design value of 600 kips/inch (as was the case
for the test frame) the energy absorbed by the damper would only be
one-fourth of that predicted. 1In the case of the test-frame this was
compensated for by using a larger eccentric. In the actual towers no

such compensation is possible. Therefore, it seems imperative to check

-18-
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the actual stiffness of the local frame at a few typical damping element
locations as soon as possible, If the actual frame stiffness is
significantly smaller than the design stiffness the damping units would
have to be redesigned. To measure the local frame stiffness one coyld
substitute a turnbuckle and a forcegage for the damping unit and then
use the LVDT from the test frame to measure the contraction as the
turnbuckle was tightened.

There are a number of tests which would be very interesting to
the profession and which would be useful for the benefit of future
designers. These are listed below in the order of their desirability.

1) The natural frequencies, damping ratios and mode shapes of
the towers should be measured. These can be measured in a few days
time by simultaneously recording the outputs of two sensitive seisometers
placed at various locations in the buildings and then digitally processing
the tapes. ©Such a service is available from the Structural Sciences
Division of Earth Sciences (A Teledyne Company). See literature in
Appendix E. The damper oscillation has been designed on the basis of a
natural mode and natural frequenéy computed during the early design of
the building and on the basis of an educated guess as to the inherent

damping of the towers. A comparison with the measured values would be

very informative.

2) Permanent recorders should be installed near the tops of
both buildings to monitor the motions (acceleration levels) throughout
a period of several years. This would provide valuable feedback for the
elaborate wind tunnel and statistical studies which were employed to
arrive at the levels of motion used in the design of the damper installa-
tion. This would also give the building owner increasing confidence in
thg sway resistance of his bullding (if the design is in fact successful

and the motion amplitudes remain small).
~19-
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There are slow speed tape recorders which go continuously and
only need to have the tape changed once every three months, and there
are other instruments like strong motion seismographs which remain
inactive most of the time and only begin to record when a certain
threshold level is reached. See Appendix E for literature.

3) One or two damping units in the towers could be modified
so that they could provide force and motion signals at the damper
which could be compared with the tower motion. In the simplest modifica-
tion all that would be necessary would be to replace the pair of angle
irons running from the element to truss by the instrumented angle irons
from the test frame. The force and elongation signals would provide
energy loss loops which permit an estimation of how much damping the
viscoelastic units were actually providing. These results would be even
more meaningful if the local building frame stiffness had been verified

in situ with a turnbuckle as described above.

=20~
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SKILLING-HELLE-CHRISTIANSEN-ROBERTSON

August 29, 1968

Mr, Malcolm F. levy

Port of New York Authority
Vorld Trade Center Planning
111 Eighth Avenue

Kew York, New Tork 10011

Raferanca: Tha World Trada Mantar
MIT Test Propram

Daar Mal:

On the aftermocn of August 2B, 1968, ths writer visited HIT to examina
the damping unit teat rig and toe evaluate progress to data.

Pirst, in response to inquiries from HIT, the writer transmitted cha
following information:

1. All high-tensile bolts must boe tightened using the turn-of-the-

nut technique.

For 1" ASTM A490 bolzs, required torquc could be 1400 ft-lbs or
higher.

3. Washer requiroments for ASTM A325 high-tensile bolts are as
follows:

a. With holes 1/16" larger than the nominal bolt dimmeter, no
wagiiore are required.

b, For all other cases, 7/16" thick plate washerr are required
uvnder both bolt héad and nut,
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Mr. Malcoim P. Levy 2 August 29, 1568

4, Washer requirements for ASTN A4S0 high-tensile bolts are as
follows:

a. With holea not more than 1/8" larger than the nomingl bolt

diamster, standard hardened wachers aras required undst both
tolt head and nur.

b. Por all other cases, 1/2" thick plate weshars are roguirsd
under both bolt head and nut.

This information wvas given to Mr. Larry Wittig, as Professor Crandall was
not expectad in the laboratory for the remainder of the week.

Naxt, the equipment vas examined and the following comment aubmitted to
Mr. Wittig:

1. The quality of weldinz varies from poor to inexcusable. Zvery
defect known to the writer and detectable by casual visual
waamination was found in profusion. Since strass lavels are very
low, the quality of woiding way not ndversely affact test
rosults. S5till, the writer recommended thot koy welds be cleaned

by wire brush and exsmined from tims te time throughout the test
program.

2. The device intended to provide transverse stobility is totelly
inadequate 4if gtiffness in the transverso direction is required.

Suitsble techniques for improving the trausverse stiffness were
proposed, should remedies be required.

3. Tta basic genmotry of the "trusses” 1c fer frow ideal. Tho
writer poiuted out eccentricities which should affect trugs
stiffness by a subdbstantis)l margin, Such cccentricitius, of
course, will not exist in the bullding cons?ruction.

4. The lack of adequate gtiffness {n tho tewt frame was discussed.
The introducitlon of filange beuding, the cffects of atrcos
concentration &#nd the like, and the cffectu of tho quality of

welds (seae 1. above) on the beliavior of the frame wera dipcussed
in mcme detail,

5. Mr. Wittig pointed out that the drive bearing lacked the
capability teo resist side thrust and that his repcated efforts
had been unsuccesaful in preventing the drift of the bearimg.
This drift results in a sudden {mpact on the test rig, causing
transverse oscillation and rendering the rig useless. Mr. Wittig
atated that he wss prepared to order a now bearing and thst
delivery of such beuring should be accomplished within a week.
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SKILLING-HELLE-CHRISTIANSEN-ROBERTSON

Mr. Malcolm P. Levw J Aurust 29, 1968

6. It was noted that bolt sizes do not alvays compare to the
requirssents shown in tho Drawings. Mr. Wiccig pointed out that
AISC values for tha lesser Loults indicate that bolt slip should
not occur. Tha writer pointed out the statistical behavior of
puch bolts, the difficulty in moasuring tfip datecting bolt alip
and the necassity of preventing auch alip, > =gl

It was observed that no meaningful work had been accomplished or would be
accomplished for at least a week or two. Mr. Vittip stated that ha would
be returning to reguler classroom vork at the and of the third week in
Septenbar. VYhen the writer pointed out that the teat work would still be
under way, Mr. Wictig indicazted that he intends to coatinue his partiei-
potion in the test program and that additional halp could be obtained,

It ie the writer's orianion, not expressed to Mr. Wittig, that it i
uvalikely that any useful testing will be accompliched within the next
three or four weeks,

Other thas as expressed above, tho writer found the equipment o bLe sound
and of good deaign. Probebly more important, Mr. \iittig appears to be
dadicatad anc reacurceful.

It 48 the wvriter's opinion that much of the original incant of the teat
program may be lost because of deficiencies in the tost equipment,
Specifically, the writer doubts that the assembly will adequately
duplicate conditions as they will exist in the building. S5till, with all
of its defecrts, the equipmont may be substantially closer to such o
simulation than was sccomplishod by the program conducted by 3! under the

aupervision of SECR.
Very truly yours,

SKILLING, MELLE, CHRISTIAKSER, ROBERTSON

Leslie E. Tuoberison

LER:s

ce: Mr. Lester Feld, PNYA
Dr, Stephen Crandall, MIT
Mr. Larry Wiectig, MIT
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SKILLING, HELLE, CHRISTIANSEN, ROBERTSON
Consulting Structural and Civil Engincers + 230 Park Avenve, New York, N, Y. 10017 « Mu. 9-8874

John B. Skilling *  Heclge . Helle - John V', Christiansen . Leslie E. Robertson

Manager

Wayne A, Brewer
Consultants

Harold L. \Worthington

May 22, 1969 Joseph F, Jackson

Port of New York Authority
World Trade Center Planning
111 Eighth Avenue

New York, New York 10011

Attention: Mr. Maicoim ¥. Levy

Reference: The World Trade Center
Damping Units

We have reviewed the report, "Test of Viscoelastic Damping Units for World
Trade Center Tower Buildings", by S. H. Crandall and L. E. Wittig, dated
April 23, 1969. This is an excellent report confirming in a general way
the test results obtained by SHCR-3M. Also, this report gives additional
data which are relevant to an cvaluation of the performance of the damping
units in the system environment of the intended installation.

From the photographs of the specimens in Figures 8 and 21, we surmise that

an additional bolt hole was made at M.I.T. in the structural bar of cach
specinmen to fit the test jig of the ultimate strength test. This additional
hole overlaps the original bolt hole. The overlapping holes probably would

not influence the strength so long as the forces are transmitted:by:frietton.
Should a major slip of the bolts occur, there is no doubt that the overlapping
hole will affect the ultimate strength either in tension or compression. In
appendix C, the ultimate strength of Specimens No. 14 and No. 16 were recorded
as 49,000 lbs. and 48,000 lbs., respectively, whercas the corresponding
Force-Elongation curves indicate maximum forces of 57,000 lbs. and 38,500 1bs.,
respectively. The reason for the discrepancy is not clear to us. 1In any case,
the conclusions of the report are not affected by these two comments.

We would like to note that the Ultimate Strength in compression and in tension
of this test series has a mean value of 47.7 kips with a standard deviation of

PRAME MOELTCRHOFF RICHARD CHAUMER
RODERY £. LEVIEM F. B. A, FOBRTER
KEMT B, ROGERS CTANEST T, LIV

JORTEIN NESR
CHARLES BSANDUSKY « A. PRIBADSKY

v
WiLLiAM D. WARD RICHARD [. TAYLOAR
LOREMTS L. WIDING E. J. WHITE, JA.

SEATTLE OFFIC R 840 WANPHINGTON BUuIlLDING, BEATTLE, WABHINGTON BR10C)
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SKILLING, HELLE, CHRISTIANSEN, ROBERTSON

Port of New York Autnority
Attention: Mr. Maleclm P. Levy -2- May 22, 1969

9.3 kips and that this combination of wvalucs would have fafled to meet the
Acceptance Requirements proposed in our letter dated May 2, 1969. The
results of the compression tests conducted by 3M Company had a mcan of 54.1
kips with a standard deviation of 4.5 kips and these values would meet the
proposed requirement of mean Ultimate Strength = 45.0 +1.5 (S.D.) kips in
compression. This comment should be considered prior to forwarding copies
of this document to 3M for their use. Also, when conditions will permit,
it is important that a copy bé forwarded to 3M as this information cannot
help but assist 3M in mecting their contractual commitments.

While we concur with most of the conclusions stated in Secction IV of the
report, it is clear that Messrs. Crandall and Wittig are not structural

engincers, as their suggestions are not wholly practical. We wish to comment
on this section as follows:

1. The program of periodic testing of random sampius ui the inztolled
and of the stored unused dampers has long been in the test program
for WIC and was discussed both at MIT and at Mr. Kyle's office.

2. It is neither necessary nor practical to test:the:local’frame

" stiffness as proposed in this report. It is not practical because
of the structural interconnection of column-to-column and of truss-
to-truss through the structural ties of spandrel,bridging and slab.
It is not necessary as the column stiffness plays only a minor role
in the system and because the truss stiffness can be calculated
with considerable accuracy. Previous calculations for uniformly
loaded trusses have been verified through load testing of actual
trusses. In short, the only way to perform this test requires that
many trusses be loaded simultaneously {as would occur in the real
building) or else a structural separation must be provided around
a single truss by cutting both the slab and the bridging - this
latter technique should not be considered. We do not feel that
the cost of this proposed test is warranted.

3. Additional tests are cited which would be of interest to the
profession. 1In this regard, we have two thoughts:

a) SHCR is preparing a paper to be delivered before the ASCE,
or similar organization, discussing the use of such dampers
in building construction and presenting a method of analysis
for such dampers. The paper will, of course, be presented to
PNYA for its review in the light of any impact it may have on
the rentability or other facet of The World Trade Center.

b) SHCR, with PNYA concurrence, has contacted AISC with the view
of obtaining technical and/or financial assistance in the
performance of post-construction testing. SHCR will, of course,
pursue this question further with AISC in the months ahead.
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SKILLING-HELLE-CHRISTIANSEN-ROBERTSON

Port of New York Authority
Attention: Mr. Malcolm P. Levy -3- May 22, 1969

¥We note that our copy of this report does not include Appendix E. We
assume that other omissions, if any, have no bearing on the conclusions
of the report.

We will report to you further as our proposals for additional testing
become solidified. In the interim, should you have further questions,
do not hesitate to call,

Very truly yours,

SKILLING, BELLE, CHRISTAINSEN, ROBERTSON

N an

LA

—

Le'alie E. Robertson

ec: Messrs. L. S. Feld, PNYA
J. M. Kyle, PNYA
S. H. Crandall, MIT
L. E. Wittig, MIT

LER/1d
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S kN L ClaNpDALL
Maarrmnmton GF MECHAN AL JINGINEERING
Massacuusurrs INsTiTUuTIE QO TECUNOLOGY
CAMBIUDOE MALSACHUSETTS

June 2, 1969

Mr, John M. Kyle, Chief Engineer
The Port of New York Authority
111 Eighth Avenuc at 15th Street
‘New York, New York 10011

nonr Mr.: hyla :

This letter is written in response to the letter from Mr.
L. E. Robertson.of SHCR dated May 22, 1969. and addressed to Mr.
M. Y. mw. an hiﬂ' 1¢ELE‘E #le ROLCLLBUNR: Teises So== _-:nn-l‘"‘nnﬂ .‘“
connection with our- report 'Test of Viscoelastic Damping Units
for World Trade Center Tower Buildings" by Crandall and Wittig,
Anril 23, 1969. 1I shall try to answer these questions.

With xegard to the uliimate tests the expianacivn in the
mpqr;l is ‘somevhat abbrevisted. Let me give some rurtnar detdils
here. - The testing machina we used had a large dial which indicated
the force applied to the spccimen by a hydraulic drive. For static
and ulw-apaed testing. this force is. read off point by point by
the. oparator. ‘§inee’ our rate of loadinp was fairly rapid we made
no attempt to ‘obtain the force history from the dial.. Vo did,
hmever, ‘récord the maximum reading of this dial for. each teat
(this was facilitated by hLaving the pointer drive a markor which
remained at _t:he highest level). In order to record the force
history we used atrain papges on the tent fixture. The papes for
the compraanion test are vinihle In Fip. 8 of tha report, VYor the
tonsion tonta tha tont fixture made wne of tha nowmal holt hinles of
the aloment and wan lJong cnouph o provide adeguate Tonpth for the
gage scetion. In the tension tentys thare was pood ap e {(w11ldn
one or two kips) between the ultimate load repistered on the dial
of the testing machinc and the peak of the force-displacement curve
hased on the strain page signals. In the casce of the compression
tests we had to compromise on the length of the test fixture. Too
long a fixture would encourage buckling of the clement and too short
a fixture would compromise the strain gage test section. In order
to gain a little length we moved the bolts a little closer by drill-
ing an extra hole in the clement as shown in Fig. 21. Mote that
there is full bearing for the bolts for compressive loads. Tn the
case of tha compression tests there was more discropancy botwoon the
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ultimate load registercd on the dial of the testing macliine

(this value 1s noted at the bottom of figures such as Fig. 17)

and the peak of the force-displacement curve. The greatest discre-
pancies (specimens 14 and 16) ocecurred where compressive failure
was. accompanied by large amounts of buckling. The sense of the
dhcrepmcy wvaa onpon:lte in these two cases.

Dur  interprectation of this discrapancy is that because of the
short gage length our strain gages (which were calibrated for
perfectly axial loading) are no lonper correct when a large bending
moment 18 superposed. We, therefore, considercd the machine dial
reading to provide the best cstimate of the ultimate load in
these cases. The values given by the machine dial reading were

used in constructing Fig. 19 and in calculating the mean. and
standard deviation.

We are in agrecement with Mr. Robertson regarding most of his
comments with the one exception concerning the necessity and practi-
cality of testing the local frame stiffacss. We would like to
repeat our recommendation ‘that tha loeal framo ntiffnnnn ha chnchknd
OB "HOOW NN POBDANANTs - 1181 s v s e ot Im s T S e
tion could be. 1cmmrdize.l Dv. inadequate. local _frama: aciffnera.
Furthemmore, it will be difficult if not impossible to. assess tne
performance of the system when it is in operation if the magnitude
of the local stiffness remains unlknown,

“We think that Mr. Robéertson has overestimated the difficulties
involvad in ma]t:lng this measurement. We had been thinking in.terms
ot one wening 8 work, ‘This was under the aaaumption .that the majoxr
contribution to the local stiffness was truly local.. Mr. Robertson
points out that there may be considerable diffusion of load from
truss to truss. This mecans that instead of measuring only one load
and one deflection it will be necessary to measure onc load and

a numher (poasibly 6 to 12) of deflections. This isstill an
cnnitaly reasonable proponition in tamns of time and monay,

In more detail what we are propoainpg 1A that as roon aA o
tower has risen to the point where a floor which is to have
dampers installed (and for which the design local atiffness has
heen computed) is structurally complete the teat would be performed
by installing an instrumented turnebhuckle in the damper location of
one of the central trusses. The deflection measurnd by an LVOT
across this unit would be rccorded as the tensile force won raioed
from zero up to 30 kips, say. The load would then he removed and
the LVDT moved to the adjacent element location. Again the load
would ho put on and the deflection recorded to obtain the corresponding
ing influenca coofficiont, ‘The procadura would Lhen he rapeatsd,
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The LVDT would be moved [ron station to station until the influence
cocfficient was no longer measurable. Using superposition and

this sct of influence coefficicnts it is a simple matter to predict
the deflection of the entire truss-nystem when loaded uniformly ac
all the stations. T1f time 4s available it would be desirable to
repeat the entire mcasurement at other "typical” locations

(e.p., on the same floor but on other faces of the building).
ideally this test should be performed when construction is not poing
on (e.g., night shift, holiday) so as to minimize background noise..

1 trust that these comments uiil be helpful to you,

uTE o )
S o O R A e P s
Sl Al
/- phen li. Crandall
Professor of _
Mechanical 'F.nsinee:;ing-

cc: Mr. Yontar
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TRE WORLD TRADE CENTER
Report No. DU-3
VISCOELASTIC DAMPING UNITS

Introduction

The importance of the action of wind on tall bulldings has been
generally recognized for many years. This action was traditionally
conceived and treated as static forces by the cdmmuntt)_r of building
designers. -Howcvcr, measurements on existing buildings by various
investigators have shown that the responses of tall buildings to strong
vind are predominantly dynnn'tic. More recently, the static and dynamic
rcaponsc.-.; of the twin towers of The World Trade Center were studied by
means of static and acroelastic models in a mirro-meteorological wind
tunnel [1]. The experiments showed that, for the wind directions critical
for the structural design, -thc deflections, and hence the stresses, are
primarily caused by dynamic oscillation of the building. It has been
established that the amplitudes of the oseillation are inversely
proportional to the square root of the critical &allnfaing ratio for lightly
damped buildings in turbulent wind. '

The eritical damping ratios 1ntrinsic in Suiidings were measured by
several researchers. A table of the data found in the literature is
included in Appendix 1. Based on the reported data, it was estimated that
the intrinsic critical damping ratio of The World Trade Center towers is
@R for design against excessive stresses. In order to increase the
mechanical damping of the towers, viscoelastic damping units were developed

for installation in the floor system. These damping units have been

SKILLING, HELLE, CHRISTIANSEN, ROBERTSON
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described previously in Report DU-1 [2]. The vivcoelactic damping units
are expccted. to increase the building damping from GHEED to WHEM vhich
was assumcd in the structural design of the towers. The contribution of
the damping units to building damping was calculated in Report DU-1 and
is further summarized iw Appendix 2. The cxpected number of cycles of
oscillation per yecar is also given in Appendix 2 for the damping units

having amplitudes of deformation excceding given amounts.

Testing Programs

Two testing pregrame hovo Leeu carried out for the prototypes of the
viscoclastic damping units. In Program I, twcn:y-twé prototypes of the
-_':':_::.‘.:"'.; Wnils were tested by Minnesota Mining and Manufacturing Company
(31;1 Company) in May 196?. {2). 1In Program 11, thirty-nine prototypes were
tested at M.I.T. by Dr. S. H. Crandall and Mr. L. E. Wittdg in 1969 [3].
‘Whereas the prototypes in Program I are subjected to cyeclical axial
deformation in the form of a sine function at 0.1 Hz' with constant
amplitude of 0.020 inch, Program II a:;‘.etnpts to simulate the system
environment of the intended installation which consists of the exterior
column, ‘:he v:lst.;oelastic damping unit, and the floor truss system.

The testing condi:ions of the two programs are compared in Table 1.

The results of the standard tests are compared in Table 2.

Evaluation of the Prototypes

The specimens in Test Program I have dynamic stiffnesses which have a.

higher mean value and a higher coefficient of variation than those in Test

190 NIST NCSTAR 1-1A, WTC Investigation
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5.

7.
al

10.

11.

Displacement amplitude

Rotational motion

Standard test

Endurance test

Frequency of cycling
Mean displacement

Room temperature

Frame stiffness

Rate of loading for
Ultimate Strength Test

0.020" constant ampli-
tude measured across
viscoclastic slab.

No

100 cyzles at 0.1 Hz
and at 0.020" ampli-
tude, then an extra
cycle vhen tempera-
ture of viscoelastic
8lab returns to the
Toom temperature.

1000 cycles at 0.020"
amplitude.

0.1 Hz

None

75 * 5OF with 18 tests
at 75 % 139F,

Not applicable.

Not reported. All
bolts in double shear.

June 2, 1969 Page 3
TABLE 1
COMPARISON OF TWO TESTING PROGRAMS
PROGRAM I PROGRAM 1I
1. Number of specimens 22 39
2. Displacement - time function Sinusoidal Sinusoidal

Variable, measured across
damper seat and damper ex-
tension. Constant equiva-
lent amplitude of 0.010",
0.019", or 0.023", if
damper is replaced by an
clastic rod of axial stiff-
ness cqual to 600 kips Inch.

Yes. Caused-by vertical
motion of one end of test

Lrmwmn
ZTame,

100 cycles at 0.1 Hz and
at cquiv. amplitude of
0.015%", two extra cycles
after a rest of 20 minutes,

Doom’ temeprature ot 7523°F,

Pt et -

10,000 cycles at equiv. am-
plitude of 0.010";
2,600 cycles at equiv. am-
plitude of 0.019"

0.1 Hz, 0.25 Hz, 0.50 Hz

Zero.for standard tests.
Special tests at mean dis-
pPlacements of +0.011",

-0.0125", +0.023", and
-0.021",
75 + 3°F. One special

test at 85°F.

192 kips/inch (computed
stiffness at 47th Floor
is 600 kips/inch).

0.50 inch/minute (approx.)
Bolted connections same as

in design for field instal-
lation.

NIST NCSTAR 1-1A, WTC Investigation
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TABLE 2
COMPARISON OF RESULTS OF TW0O TESTING PROGRAMS

STARDARD TESTS PROGRAM I PROGRAM 11

1. Dynamic Stiffness (kip/inch)
Mean 825 555
Standard deviation 122 62
Cocfficlent of variation 0.15 0.11

2. Loss Tangent
Mean 1.38 - 0.84
Standard deviation 0.18 0.17
Coefficient of variation 0.13 V.20

3. VUltimate Strength (kips) Compression Compression Tension All
Mean 55.0 45.0 50.4 47.7
Standard deviation 3.1 4.9 10.6 9.3
Coefficient of variation 0.06 0.11 0.21 0.1

192
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Program 1J. The differences can be attributed to the greater scatter
of test temperatures, to the slightly lower mean value of the test
temperatures (?3.701-‘) and to the use of several different formulations
of the viscoelastic material in Test Program I. The damping units of
Program Il‘have a mean dynamic stiffness of 555 kips per inch at 75°F|
which 1s very close to the optimun value of @B kips per inch. At the
same time the coefficient of variation equal to 0.11 is very satisfactory.
The specimens in Test Program I have a mean loss tangent of 1.38
vhich is much better than the design minimum mean of 0.70, Futhermore,
the specimens are quite uniform in the loss tangent with a cocfficient
of variation equal to 0.13. The specimens in Test Program-1I have a
mean loss tangent af N.R4 with s soofficians
This is satisfactory, since thc mean loss tangent of the universe
represented by these specimens would be greater than 0.77 with a
probability of 0.95 according to the t-Distribution,
The ultimate strength Ebtained in Test Program I has a mean of 55.0
kips and a coefficient of variation ﬁf 0.06, which indicated high strength
and good uniformity. If the dynamic stiffness of the damping unit, Kd,
remalns below the design value of @B kips per inch, the maximum design
force in the damping unit, Fd would not excggh 34 kips (Appendix 3). 1If
Eu'reaches 900 kips per inch, maximum F, would reach 40.9 kips. In such
a-caSe. about 20% of the damping units represented by Test Program II
would be near or over the breaking point. The reasons for this discrepancy
of ultimate strength between the two test programs are not clear. Perhaps,

- the difference in the test jigs is the source of the discrepancy. Fortunately,

the results of Test Program II indicate some positive correlation betwecen

NIST NCSTAR 1-1A, WTC Investigation 193



Appendix B

June 2, 1969 Page 6

dynamic stiffness and ultimate strength. In fact, the coefficient of
cofrclat:lon between these two paramcters is 4+0.42. This mecans that the
damping units whica have low ultimate strcnéth tend to have low dynamic
stiffness also. Since maximum force in the damping unit decreases with
decreasing dynamic stiffness, the probability of breakage of the damping.
units under the maximum design wind condition is small if the results

of Test Program II are represcntative of the production units. NN

|

The special tests of Program II indicate that the damping units are
balislactory with respect to fatigue, to higher trequencies ot osClilation

and to a temperature ride of 10°F abeve 75°F,

Conclusions
. The two test programs of the prototypes indicate that the dampihg
wnits in the fleor system will provide an expected increase of G in-

the critical damping ratio of Tha World Trade Center towers. ASEEESSSEENL__
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Az T PORT OF NIW YORKR AUTHORITY
"."J)" . ey Vo s Lo N Yk Ny e

Waeahl T el Ve imesn

November 5, 1971

Minnesota Mining & Manufacturing Corp.
M Center
St. Paul, Minnesnta S5101

Attention: Mr, Don Caldwell

Re: THE WO LD TRADE CENTER - CONTRACT WTC-224.00 -
TESTING OF 12 DAMPING UNITS REMOVED FROM
FLOORS 26, 27, 29 & 30 - TOWER A

Gentlemen:

This will confirm oral information given to you by our
Mr. Feld on 11/4/71:

3M is to perform an equivalent Acceptance Test series on
the subject group of units (see Schedule X1 attached). These units
were all installed in November of 1970 and remained in place for
the past year In unheated space throughout a "cold" winter. We are
attempting to asccrtain if the unils have actuvally been affected
by the "cold" and are in fact capable of passing an equivalent
acceptance test. The number and scquence of testing for loss factor
and stiffness, fatigue loss and ultimate struncth are to be determined
by 3M.

Wi would appreciate your expeditine. thic <sries of tests
upon reccipt of the units. All work is to be performed under the
unit price provisions for testing under the subiject Contract,
Please advico this officy a~ to your testing ohodule,

Sincerely,
i

F

s 7
. -r . 7
L AT 2
Ma s "l}“( b Teww
e Mossrs, W, Borland, Do Broam, P |h!'4‘~;“f Y 1 va, B, Moati,
F. White (SHORY, F. Werncke - all w/att,
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e o (ﬁcézéx %/ (2277%(&/&/«
l “;*gif’%' Ginesal Qs foonte Killing

: | L Lyiws,  Mssouri 63101

e | CONTRACT WTC-221.00
................ | WORLD TPADE CENTER

,,,,, - Sta e e E T THE PORT OF NEY YORK AUTHORITY
LACLEDE CONTRACT 67-J-31301

Mr. W. C. Boirland

Coordinator of Construction DATE Aprii 3, 1585
The WWorld Trade Center
The Port of New York Authority TRANSMITTAL LETTER NO. 10

111 Eighth Avenue
New York, Mew York 10011

TRANSMiITTAL OF FLEXURAL TESTS

Transmitted herewith is one ccpy each of the sequentially numbered
flexural test reports listed below. Submission is in accordance
with the sixth paragraph of Paragraph 105.102 "Resistance Welding"
of our Contract WTC-221,00,

Flexural Test

No. Datec of Test
23 12/17/68
24 12/17/68
25 12/17/68
26 12/19/68
27 12/19/58
28 12/31/68
D 12/31/68
30 1/ 7/69
31 1/ 7/69
32 1/ 7/69
23 1/2k /69
34 1/24/69

1/24/63

35
ror_Laudlog. St
CC:r/ﬁr. James White Robert D, Ba

Skilling-Helle-Christiansen-Robertson Director of Technical Services
230 Park Avenue
New York, New York 10017

bMr. Al Guttentaz, Project Engineer
Tichinan Realty & Construction Co., Inc.
30 Church Street - 1lith Floor

New York, New York 10007

(COPY NOT SENT)
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May 15, 1969

R. D. BAY

RE: WTC-221.00
FLEXURAL TESTS
SHIPMENT NO. 2

The results of all Flexural Tests performed for Shipment No.
2 are shown on the attached sheet 1 of 2 dated May 15, 1969.
This sheet shows the comparative deflections for incremental
loads of 500 1lbs. for each truss tested. Sheet 2 of 2 gives
the backup data for Sheet 1.

David B. Neptune

NIST NCSTAR 1-1A, WTC Investigation
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()

(2)

(3)

(4)

WORLD TRADE CENTER

FLEXURAL TESTS
NOS. 23 THRU 40

+
Comparative Deflections in Inches for
Incremental Target Loads of 500 Pounds

May 15, 1969

Page 1 of 2

| TRUSS | TEST = e TARGET LOAD IN POUNDS (5)

‘jggg_ggl_ NO. In. Psf 500 |1000 | 1500 2000 | 2500 | 3000 | 3500 ihooo |a5oo 5000
C32T1A | 24 2.000 58 246 |.s51 .802 1 1.060] 1.335] 1.605 ] 1.010 1 2,170 | 2,047 2,751
c3zTeA |23 2.063 62 .207 .ho8 595 L7751 .9971.1.1651.1.335 | 1.5635 1 1.752 11,962
C32T3 27 2,063 62 .262  |.4g0 .15 29951 1.178 | 1.h1h | 1.646 | 1.888 | 2.12¢ |2.367
C32T4 29 0.750 | - 62 .370 |.708 11.029 | 1.3571 1.683] 2.03312.372 [ 2.743 - -
C3215 33 - 0.375 54 .104 .201 .299. .395! .5001  .602 - - - -
C32T6 35 0.938 62 064 .118 L7 2260 279l 33l L390 | hk6 - _
C32T7A 125 2,063 62 281 510 ThT Q77| 1227 1. A0 | 1,675 {1,620 2,178 |2 437
c32T8n |26 2.000 62 .286 |.541 .807 1 1.083] 1.32101.575]1.839 | 2.122 | 2.400 |2.700
3279 28 1.938 62 261 1,501 LThe .9831 1,233 1. 462 | 1,700 | 1,043 | 2,208 [2.445
C32T10 {130 1.688 62 .360  |.711 - |1.042 | 1.371| 1.699| 2.023 | 2.377 | 2.720 - -
c32711 |31 1.313 62 Joo l.the 11,070 1L Wbl 1,756 2,095 1 2,437 | 2,703
£32T12 |32 0.250 | 62 [.113 |.204 | .293 | .385| 478) .570] - -
Cc32T713 | 34 0,438 62 .109 |.199 .289 L3781 Lhetl .ssh - - - -
c32TiaL) 38 2.000 58 .28L | .565 2841 | 1.103] 1.377] 1.649]1.921 | 2.226 [ 2,4q0 | 2,812
C32T16AL 39 2,063 | . 62 .273  j.511 .738 29771 1.214 | 1465 1.716 | 1.987 | 2.241 | 2.519
C32T21L | 40 1.375 62 16 j.765 11,117 | 1.4eb| 1,825 2,165 2.575 | 2.917 - -
Cc32T23L | 36 0.375 54 L116 | .224 .326 LA430|  .5331  ,638 = - - =

| ©32T26L |37 0.875 62 .072 {134 195 .258( .32} .387| .hhg, .513 - -

| +Values represent maximum deflection at midspan

NIST NCSTAR 1-1A, WTC Investigation
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DEFLECTION AT 'MIDSPAN (IN.)
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NOTES

(1) There are three different lengths of trusses tested. These
three lengths are shown below along with the mark numbers
of the trusses which have that particular length.

59'9" 58'111" 35'8"
C32T1A C32T Cc32T5
C32T2A C32T c32T6
C32TT7A C32T9 _ Cc32T12
c32718A C32T10 C32T13
C32T14AL C32T11 C32T23L
C32T16AL C32T21L C32T26L

(2) Refer to this test number to obtain more information about
the truss and the test results.

(3) Refer to S.H.C.R. drawing number 7-AB1l-54 dated 2-15-68 and
revised 11-25-68 which gives the camber at midspan for each
type of 32" truss.

(4) Refer to Laclede Contract WIC-221.00 (October, 1967) pages
TFl-2, 3, 4 and 21. Design loads were not given for trusses
CSETlﬁAL, 16AL, 21L, 23L and 26L. Their design loads were
obtained from Gene Chorny of S.H.C.R.

(5) Two equal, concentrated loads were applied to each truss,
Each load was applied at a panel point. The target load
shown in the Table on page one is the magnitude of each
applied concentrated load; the total load on the truss
would be double this value. This target load is not the
actual load at which the deflection listed below it occurs
because the load cell reading in pounds does not equal the
load applied to the truss by each hydraulic jack. The
target load is very close to the actual load and is used
for clarity in the table. The corresponding actual load
for each target load is as follows:

Target Load Actual Load

500 4gg.8
1000 99.6
1500 1499.8
2000 1999.2
2500 2499.0
3000 2398.8

500 3498.6

000 2398.&
4500 198.2
5000 4998.0

For information on testing procedures, equipment used and
positioning of loads for each truss, refer to Flexural
Test Sheets Nos. 23 thru 40,
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CC: R. D. Bay
J. R. Paul

September 7, 1967
A, C, WEBER

WORLD TRADE CENTER
SHEAR KNUCKLE TEST

Enclosed are Sheets 1 and 2 dated September 7, 1967.

Sheet 1 of 2 gives the results of transverse loading of shear
knuckles. Lightweight concrete similar to the type to be used
on the World Trade Center was used in this test. Specimen #2
(compressive strength of 2600 psi at 27 days) failed at 30,100¢.
Support brackets were not used on this test and rotation of the
slabs obviously lowered the ultimate capacity. Specimen #1 had
a 6 day compressive strength of 1330# and a total shear capacity
of 37,070¢., The side slabs were restrained from rotation on
Specimen #1. The average shear transfer per knuckle for the two
tests was 16,800,

Sheet 2 of 2 gives the results of longitudinal loading of shear
knuckles. Standard concrete (average strength of 3800 psi) was

used in this test. The average maximum load resisted by five
specimens was 55,230# or 27,615#/shear knuckle.

J. R. Paul

sak
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Gtits Haot Conpany

Wﬁa%&-
H Yorwis, Mosowrc 63/0/ Bugust 10, 1967

Mr. Wayne Brewer

Skilling, Helle, Christiansen
and Robertson

230 Park Avenue

New York, New York 10017

Dear Wayne:

Shear Connectors
World Trade Center Floor Trusses

We are sorry that you could not get to St. Louis last Tuesday
to witness some of the testing on the shear members and the
application of the fireproofing to the painted open web trusses,

I presume Jim White has told you about the application of the
insulating material on the joists which apparently worked very
well.

In our conversation with the plastering contractor who handled
the test application and the representatives of the Zonolite
Division of the W. R. Grace Company, it seems that the loss
because of the round webs was far less than they anticipated
and total loss of material with the system as they applied it
would be under 15%. This application involves less material
than a solid section of the same dimensilons and is no different
from angle or structural section trusses attempted previously.

For your information, on the shear member testing we have

averaged the bearing values for the shear members with 2,850 psi
concrete and find that a 28,810# average value has been obtained
with some running as high as 33,000#. This is well over the

17 kips we discussed and since the bearing of the shear members

is solely a function of the concrete compressive strength, the
3,000# material you have specified for the World Trade Center
towers should find excellent transference of top chord compression
stresses to the floor slab. Oun onc of the tests witnessed by

Jim White of a six-day concrete with a strength of only 1,330 psi
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OE STEEL COMPANY

Mr. Wayne Brewer
Skilling, Helle, Christiansen
and Robertson Page 2 August 10, 1967

the loading across or normal to the shear members developed a
18,500# average value for shear connector bearing.

One of these specimens is being retained to 28 day strength
although we are not too sure that the very lightweight mix will
be developing much more than 1,800# to 2,000# in the conerete.

Dr. Galambos at Washington University who has been performing
the Steel Joist Institute composite joist and truss tests, has
told us, and I believe confirmed this to Jim White, that
approximately the same shear value for the Laclede extended web
connectors could be expected in all directions when the shear
connector 1s attached in a normal concrete top slab. This means
with the 3,000# concrete we could expect a 28 kips transference
value across, as well as in line with the extended web panel
point shear member.,

As an aside, I believe Dr. Galambos told Jim White that in his
tests he has had no measurable stress in the steel top chords
of Laclede joists and trusses indicating that the shear members
have been sufficiently good to take all the compression in the
concrete top slab of the composite design.

We hope to be hearing from you shortly regarding sizing of
members and the design of transverse trusses in the tower corners
where it seems likely that shear members may be limited as you
had planned it, to the primary floor trusses with transverse
trusses furnished without extended web panel points.

Yours very truly,
LA DE STEEL COMPANY

/4

Al Carl Weber
ce President

ACW:pjz

/éi: cp. Jim winite

Skiiling, nelle, Coristiansen anu iobertson

iir. Lester Feld
Port of hew York Authoriuvy
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SKILLING-HELLE-CHRISTIANSEN-ROBERTSON
Consulting Structural and Civil Engineers + 230 Park Avenue, New York, N. Y. 10017 - Mu. 98874

John B. Skilling . Helge J. Helle - John. V. Christiansen

April 19, 1968

Mr. R, M. Monti

Port of New York Authority

Office of the Construction
Manager - Room 1119

30 Church Street

New York, New York 10007

Reference: The World Trade Center
Contract WIC-221,00, Laclede
Load Tests

Dear Ray:

Leslie E. Robertson

Consultants

Harold L. Worthington

Joseph F. Jackson

Attached are load test sketches 1BV and 1BH dated 4/16/68, prepared by

Laclede Steel Company.

The test pieces and procedures indicated on these sketches are acceptable
for use in tests to establish the strength of the 24T to C32T truss

connections, subject to the following additional requirements:

Sketch 1BV

1. C32T top chords 7"# apart.

2, Tests be conducted with weld X of 1/4"x3", 5/16"x3" and 3/8"x3".

3. Two sets of tests to be conducted -

a., with "knuckle" restrained as shown on 1BV.
a load cell can be substituted for the restraint shown, if

practical.)

(SHCR feels that

b. without "knuckle" restrained. This will allow evaluation of
the joint strength for the comstruction loading conditions.

BEATTLE OFFICE: 1840 WASHINGTON BUILDING,

NIST NCSTAR 1-1A, WTC Investigation

SEATTLE,

WAYNE A. BREWER
P.5.A.TOBTER
FRANK HOELTERHOFF
ROBERT E. LEVIEN
V. A, PRISADSKY
KENT R. ROGERS
CHARLES SANDUSKY
WILLIAM D. WARD
. J. WHITE, 4R,
LORENTS L. WIDING

WASHINGTON #8101

WTCI-87-1
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SKILLING-HELLE-CHRISTIANSEN-ROBERTSON

Mr. R, M, Monti April 19, 1968

Sketch 1BH
1. Tests to be conducted with weld X of 1/4"x3", 5/16"x3" and 3/8"x3".
2. Load to be applied 1/2" from top of angle (center of gravity).

3. Support of C32T web members close to top chord, as shown on 1BH,
will require test results to be adjusted for the flexibility of
these web members. We understand that this support location is
limited by the test machine size. This location of the support
will, however, allow an evaluation of the lateral bending of the
vertical leg of C32T top chord angle, and is therefore acceptable.

Except for weld X sizes to be tested, these additional requirements were
discussed with Carl Weber by telephone on 4/18/68. Information in boxes
on 1BV and 1BH was added by SHCR.

Very truly yours,

SKILLING, HELLE, CHRISTIANSEN, ROBERTSON

Wayne A. Brewer

WAB:s

cc: Messrs, A. C. Weber, B. Bay, Laclede
Mr. L. S. Feld, PNYA
Mr. A. J. Guttentag, TRCC

Enclosure
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CcC: T. M. Chura
D. B. Neptune
File Copy

March 18., 1969

R. D. BAY

RE: TESTS FOR BEARING CAPACITY
OF WORLD TRADE CENTER TRUSSES

The attached sheets summarize the tests conducted Friday, March 7
at the Madison plant. These tests are broken down into two groups.
Group No. 1 consists of seven (7) tests on various bearing ends of
scrapped trusses to determine the bearing capacity of our World
Trade Center trusses. The results of these tests are on page one
while a general sketch of how the bearing end was tested is shown
on page three (Figure 1). The following is a summary of the test
results:

1l. Only one test resulted in a broken weld and this
was at a load 18K greater than the load which caused
the initial bending of the angles.

2. Using a 2" plate instead of a 4" plate for the
bearing surface results in a more critical loading
condition and an earlier angle deformation.

3. The core end withstands a greater load before
failure than the column end. This can probably be
attributed to a smaller L/R ratio and a more compact
section.

L, Arc welding the bottom of the vertical VI strut
decreases the possibility of a weld failure. The
failure which occurs is then a failure of the bearing
angle which begins to deform noticeably at approxi-
mately 30K.

Group No. 2 consists of four (4) tests on bearing ends having only
arc welding Jjoining the web and angles together; i.e., no resistance
welding was used. The purpose of these tests was to determine the
strength of repaired bearing ends that would be welded onto our
trusses at the jobsite. Two types of tests were performed. The
first type of test shown in Figure 2-A, page 4 tested the capacity
of the end as a unit. The second type of test shown in Figure 2-B,
page 4 tested the strength of each joint in the vearing end. The
results of these tests seem to indicate that those bearing ends arec
welded to the trusses at the jobsite will be strong enough to sup-
port the required load if the welding is performed by a qualified
welder under good supervision.

David B. Neptune

ds
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SKILLING, HELLE, CHRISTIANSEN, ROBERTSON
Consulting Structural and Civil Fngineers < 230 Park Avenue, New York, N. Y. 10017 - Mu. 9-8874

John B. Skilling . Helge |. Helle . John V. Christiansen . Leslie . Robertson

Munager
November 3, 1969 Wayne A. Brewer
File: WTC-235C Consultants

Harold 1.. Worthington
Joseph F. Jackson
Mr. Lester S. Feld
Port of New York Authority
World Trade Center Planning
111 Eighth Avenue
New York, New York 10011

Reference: The World Trade Center
Contract WIC-235.00, Bethlehem Fabricators
Stud Shear Connector Capacity with Rollform Type "B" Steel Deck

Dear Lester:

At your request, we are forwarding to your attention the following information
regarding a test program to establish the capacity of 3/4 inch diameter by

43 inch long stud shear connectarswhen welded through the valleys of Rollform
Type "B" steel deck.

Two 15 foot long test beams conforming to Attachment #1 are required. During
the testing operation, the load-deflection and load-slip behavior for each
beam should be determined using three (3) 0.001 dial gages and eight (8) SR-4
type A-1 strain gages in accord with Attachment #3.

Load should be applied in 4 kip increments and readings at all gages should be
recorded before the next increment of load is applied.

Six 4'-3" long pushout specimens are required in accord with Attachment #2,
four (4) with steel deck and two (2) with solid slabs. The load-slip behavior
of each specimen should be determined by using two (2) 0.001 inch dial gages,
one for each pushout slab. Dial gages should be mounted as shown in Attachment
#2, and readings should be recorded for each 4 kip increment of loading.

Lightweight concrete required for the test specimens and test cylinders will

amount to approximately 85 cubic feet. We recommend use of Nytralite lightweight
aggregate, Master Builders Pozzolith 100R and MBVR, and Type III (high-early)
cement of the brand on hand at the local ready mix concrete source chosen to supply
the 110 pound (air dry weight)f'c = 3000 psi concrete for the test specimens.

MOBERT €. LEVIEN

FAUL 2. A, FOSTER MICHARD CHAUNER
FRANK HOELTIRUOFF EANEET T. LIV
:::n:_(:; :.onsu(g:: JOSTEIN NES
! v
WILLIAM D, WaARD V. A, PRIBADS
€. 2. WHITE, Im. HAROLD 0. RmORT
LORENTS L. WIDING RICHAMD €. TAYLOA
BEATTLE OFFICE 1840 WASHINGTON BUILDING. 8¢ ATTIN. WABHINGTON 8A1O1
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SKILLING-HELLE-CHRISTIANSEN-ROBERTSON

Port of New York Authority
Attention: Mr. Lester Feld -2=- November 3, 1969

The recommended concrete mix is as follows:

Cement (Type III) 540

Sand* 1275 #

Lightweight Aggregate** 900 #

(3/4" to #4)
Admixture Pozzolith 100R 24 oz.
MBVR 3 to 5 oz.

Water 36 gallons

Air Content 6 per cent

* Natural sand, fineness modulus 2.40 to 2.70, specific gravity of 2.65 assumed.
** Nytralite aggregate, specific gravity of 1.45 assumed.

Based on the above, a minimum of 3000 pounds of Nytralite aggregate will be required.
Barring unforeseen events, Nytralite could provide aggregate at the test location
upon three (3) days notice. Pozzolith 100R and MBVR are available upon a notice of
one or two days.

Regarding concrete test cylinders, the following number of cylinders showld be
provided for each batech of concrete used to fabricate pushout and beam test specimens:

4 - 6 x 12 cylinders - test at three (3) days

4 - 6 x 12 cylinders - test at seven (7) days

4 - 6 x 12 cylinders - test on day of pushout tests

4 - 6 x 12 cylinders - tensile splitting tests per ASTM-A496

2 -6 x 12 cylinders-air dry weight-cure seven (7) days moist, then dry

21 days at 73.4%*2 degrees fahrenheit, 50 * 2 percent humidity.

Regarding mechanical properties of the 12WF 27 test beam members, two tensile
coupons should be taken from the bottom flange of each test beam centered from
the web and centered on the quarter span point. Two tensile coupons should be
taken from the web of each test beam at mid-height of the web, with one coupon
centered on the quarter point of each beam. The test coupons should conform to
ASTM A307, Figure 4, and should be longitudinal specimens.

Mechanical properties of four (4) 3/4 inch diameter by 4 1/2 inch long stud shear
connectors should be determined in accord with AWS D1.0-69, Section 430.

The remaining specifics regarding fabrication and testing of materials and stud
shear connector test specimens can be finalized at meetings with the Bethlehem

Fabricators and the personnel at the testing facility.

Very truly yours,
SKILLING, HELLE, CHRISTIANSEN, ROBERTSON

oo wtlic
ames White

JW:ans
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THE PORT OF NEW YORK AUTHORITY

11 Lighth Avenae at Uil Strect, New Yok, MY 0011

Waorld Trade Department )

Guy I Tazzoli, Do Pelegdsne (2020 600 8171

CONFORMED COPY
January 6, 1970

Fritz Engineering Laboratory
Lehigh University
Bethlehem, Pennsylvania 18015

Attention: Professor Roger G. Slutter
Chairman, Operations Division

Re: THE WORLD TRADE CENTER - Contract WIC-721.00
Laboratory Services - Stud Shear Connector
Capacity with Roll Form Type "B" Steel Deck

Gentlemen:

I. The undersigned, The Port of New York Authority (herein-
after called the "Authority") hereby offers to retain the Fritz
Engineering Laboratory (hereinafter called the "Laboratory") to perform
stud shear connector capacity tests using Roll Form Type "B" steel deck
for The World Trade Center being constructed by the Authority in New
York City including:

A. All tests as outlined in the attached letter
of November 3, 1969 from Mr. James White of
Skilling, Helle, Christiansen, Robertson to
our Mr. Lester 5. Feld.

B. Supervision of installation of deck and studs
on steel specimens.

C. Furnishing of concrete forms, reinforcing steel,

Type 111 Cement, sand and water for all concrete
slabs and specimens.

D. Casting and curing of concrete slabs and specimens.

E. Submittal of six (6) coples of the Test Report to
the Authority to the attention of Mr. Malcolm P. Levy,
Chief of Planning and Construction Division, The
World Trade Center, Room 300, 111 Eighth Avenue,
New York, New York 10011.

210 NIST NCSTAR 1-1A, WTC Investigation



Supporting Documents for Chapter 3

PRHIE BOMd o MY SRk ALPTILORT S

Fritz Engineering Laboratory -2- January 6, 1970

II. The Authority has arranged for the following items to
be furnished by others and delivered to the Laboratory by November 19,
1969:

A. Two (2) 15 foot long test beams with steel
deck and studs installed by others prior to
delivery.

B. Four (4) 4'-3" long pushout specimens with
steel deck and studs installed on both flanges
by others prior to delivery.

C. Two (2) 4'-3" long pushout specimens with
studs installed on both flanges by others
prior to delivery.

D. Approximately 3000 pounds of Nytralite Light-
weight Aggregate.

E. Approximately two gallons of Master Builders
Pozzolith 100R and MBVR for use as admixture.

III. As full compensation for the performance of all your
obligations herein, the Authority agrees to pay the Laboratory the sum
of the following amounts:

(a) A unit price of $2000.00 per 15 foot beam
test for each of the two beam tests required.

(b) A unit price of $400 per pushout tests for
each of the six required pushout tests.

The Laboratory shall not perform any services beyond the
point at which the total payments to be made hereunder exceeds $6400.00,
unless expressly authorized by the Director to perform such services in
a writing which expressly recognizes that said amount of $6400.00 will
be exceeded. In the event said writing specifies a maximum total amount
for services hereunder, this Apreement shall be deemed amended to sub-
stitute said amount for the aforesaid amount of $6400.00.

IV. Within 15 days after the receipt from the Laboratory of
the Test Report, the Director-will estimate and certify to the Authority

the amount of compensation due to the Laboratory. The Authority will
within fifteen (15) days after the date of such certification of the
Director advance to the Laboratory, by check, the sum certified.

V. No certificate or payment shall at any time preclude the
Port Authority from showing that such certificate or payment was incor-
rect or from recovering any money paid in excess of that lawfully due.

VI. The Laboratory shall not issue or permit to be issued
any releases, advertisements, or literature of any kind which refer to
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Fritz Engineering Laboratory -3 - January 6, 1970

the services performed hereunder, unless you first obtain the written
approval of the Authority. Such approval may be withheld if for any
reason the Director, in his sole discretion, believes that the
publication of such information may be harmful to the public interest
or in any way whatsoever undesirable.

VII. The Laboratory shall promptly and fully inform the
Director of any patents or disputes, whether existing or potential,
of which you have knowledge, relating to any idea, design, method,
materials, equipment, or other matter involved in the services hereunder.

VIII. All drawings, specifications, reports, computations,
records, data, charts, documents or other papers, or any type whatso-
ever, whether in form of writing, figures or delineations, which are
prepared by the Laboratory at any time, either prior or subsequent to
signature of this Agreement, by the Authority, its Commissioners,
officers, agents or employees, is not given in confidence and may be
used or disclosed by or on behalf of the Authority without liability
of any kind. :

IX. All information of any nature whatsoever which is in
any way connected with the services performed in connection with this
Agreement, regardless of the form of communication which has been or
may be received from the Laboratory at any time, either prior or
subsequent to signature of this Agreement, by the Authority, its
Commissioners, officers, agents or employees, is not given in confidence
and may be used or disclosed by or on behalf of the Authority without
liability of any kind.

X. Under no circumstances shall the Laboratory communicate
in any way with any department, board, agency, commission, or other
organization whether governmental or private in connection with the
services to be performed hereunder except upon prior written approval
and instructions of the Director provided, however, that data from man-
ufacturers and suppliers of materials shall be obtained by you when and
as you find such data necessary, unless otherwise instructed by the
Director.

XI. This Agreement being based upon your special qualifica-
tions for the services herein contemplated, any assignment or other
transfer of this Agreement or of any part hereof or of any monies due
or to become due hereunder without the express consent in writing of the
Director shall be void and of no effect as to the Authority.

XII. The Director, at his option, may, at any time, and with
or without cause, terminate this Agrecement as to any services not yet
rendered. The Laboratory shall have no right of termination as to
services under this Agreement without just cause. Termination by either
party shall be by registered letter addressed to the other at its
address hereinbefore set forth. Should this Agreement be so terminated,
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Fritz Engineering Laboratory -4 - January 6, 1970

the Laboratory shall receive no compensation for any services not
performed, and the Laboratory shall be paid as full compensation for
services performed an amount computed as above set forth.

XIII. This Agreement shall be effective as of November 14,
1969. All of the services hereunder shall be performed as expeditiously
as possible. The services shall in any case be completed on or about
February 1, 1970. Time is of the essence of performance of all your
services under this Agreement.

Any services performed.for the benefit of the Authority
by the Laboratory at any time, if expressly and duly authorized by the
Director, shall be deemed to be rendered under and subject to this
Agreement (unless referrable to another express, written, duly executed
agreement), and no rights or obligations shall arise out of such services
except as may be provided for under this Agreement.

XIV. The entire Agreement between us 1is contained herein and
no change in or modification, termination or discharge of this Agree-
ment in any form whatsoever shall be valid or enforceable unless it is
in writing and signed by the party to be charged therewith in the manner
hereinbefore expressly provided shall be effective as so provided.

1f the foregoing meets with your approval, please indicate
your acceptance by signing the enclosed copy of this letter in the
lower left-hand corner and returning it to the attention of
Mr. Malcolm P. Levy, Chief, Planning and Construction Division, The
World Trade Center, Room 300, 111 Eighth Avenue, New York, New York 1001l.

Very truly yours,
THE PORT OF NEW YORK AUTHORITY

6‘-’/ f 0?204/

Guy F. Tozzoli, Director
World Trade Department

FRITZ ENGINEERING LABORATORY
LEHIGH UNIVERSITY

By /?' 6‘ 3‘07’5@
Title D/RECTIR, OPer2a770M6 ﬁ[//{m(/
Date wa;g %, /970
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