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INTRODUCTION

The analysis procedure suggested in Reference 1 was developed and experi-
mentally verified assuming the controlling failure mode in continous lapped
Z-purlin roof framing systems was web buckling immediately outside the lap.

The experimental testing program was limited to cantilever lap tests designed
to eliminate all failure modes except web buckling. To ascertain the applica-
bility of the suggested procedure for the design of continous Z-purlin systems
and to verify the correctness of the solution for other than cantilever lap
conditions, a testing program involving full scale purlin systems was conducted.
This report summarizes the analytical and experimental results of five full
scale purlin tests.

The testing program consisted of three two-span tests and two three-span
tests; all spans of equal length. In each test, two lines of standard 8 x 3
Z-purlins as cold-formed by Star Manufacturing Company, Oklahoma City, Oklahoma
were used. The purlins were placed with top flanges facing outward and
steel roof deck was screwed directly to the top flanges with self-drilling
fasteners. Distributed loading was applied with concrete blocks placed on the
steel deck. The purlins were fully instrumented to provide test data for
comparison with the analytical predictions.

The analysis procedure suggested in Reference 1 considers the purlin to be
laterally restrained at the deck location and accounts for non-principal axis

bending through the use of a ficticious horizontal load placed at the flange



opposite to the deck connection. Calculations are simplified by using a
transformed section where the lip and flange on the deck side are considered to
be concentrated at the top of the web. In the proposed method, rotational
restraint of the deck is neglected and the resulting normal stress distribution
is given by

I X .

xyb ( Ixt t ) + M Ixyb p Ixyth ) + ix Ye (1)
I : I -T2 x I VII -1 .2 I

Xt xt "yt xty Xt Xt yt Xyt xt

where x— and y- are non-principal, centroidal axes with y parallel to the web
and positive in the direction of the deck, Ix and Iy are moments of inertia,
Ixy is the product of inertia and the subscripts t and b refer to the trans-
formed section and a portion of the cross section consisting of the web and
flange opposite the deck, respectively.

It is also suggested in Reference 1 that the critical web buckling stress
can be computed using the stress distribution from Equation 1 and the provisions
of Section 3.4.3 of the AISI.specification for the design of cold-formed
members (2). To obtain a predicted failure load, this stress is increased by
the factor 1.67 which is the implied factor of safety in the AISI specification.

Experimental data from the testing program are compared to the analytical

prediction in the following sections. Where necessary, modifications to the

previously proposed method are suggested.



DETAILS OF EXPERIMENTAL PROCEDURES

A schematic of the two span test setup is shown in Figure 1; the three span
setup is identical with the addition of the third span. For all tests the span
length was 25 ft. 0 in.

The purlins were oriented with top flanges opposed and pointing outwards.
At intermediate rafter locations, the purlins were lapped 1 ft. 2 in. on each
side of the centerline of the rafter except for the outside spans of the three
span condition where the exterior lap was 1 ft. 2 in. and the interior lap
was 2 ft. 4 in. Near the end of each lap, two % in. diameter machine bolts
were used to connect adjacent webs. Lengths of cold-formed roof sheeting 3 ft.
wide by 6 ft. long were attached to the top flanges of the purlins using self-
drilling fasteners (without washers) at approximately 1 ft. centers.

Initially the purlins were bolted directly to the top frame flange of the
rafters which were in turn bolted to support beams. These beams were parallel
to the purlins which effectively prevented movement of the rafters, and hence
the purlin to rafter commection. Results of the first two-span test indicated
that this arrangement caused cantenary tensile forces to be developed in the
purlins which increased the load carrying capacity of the purlins. Since this
degree of longitudinal rigidity in the test setup is not found in actual con-
struction, e.g. rafters in rigid frames are essentially free to move in a

direction parallel to the purlins except at a braced bay, modifications were
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made. A rocker, as shown in Figure 2, was placed between the purlin and the
rafter section and a roller was placed between all but one rafter section and
set of support beams.

Instrumentation consisted of strain gages on the lower 1lip and flange,
oriented parallel to the purlin centerline and located immediately outside the
lap, horizontal and vertical strain gages on the lower portion of the web, and
'vertical deflection gages (dial gages) at the midspan of each purlin. For one
test, sfrain gages were also located at the centerline of one span.

Befére testing, cfoss-sectional dimensions at each énd of each purlin were
mgasured using a protractor, metal scale and micrometer. The dimensions were
averaged and cross—sectional properties required for the analysis procedures
were calculated. After testing a tensile coupon was cut from the first purlin
to fail and the yield stress was determined using the 0.2% offset method. The
data is summarized in Table 1.

Load was applied to the system using 3 in. by 8 in. by 16 in. solid concrete
blocks weighing 33.0 1lbs. each. The blocks were set directly in the troughs of
the roof deck at approximately 1 ft. on center, For each test, the purlin-
deck system was first loaded to the working load, determined using the proposed
analysis procedure and AISI allowable stresses (1,2), unloaded, and then loaded
to failure. The concrete blocks were placed on the deck maintaining symmetry
with respect to the longitudinal axis and approximately uniform load along the
purlin. Load increments were initially 33 psf and were decreased to 4.25 psf
near failure,

After each load increment, strain gage and deflection data were recorded.
This information was used to develop load-deflection and load-stress relation-
ships and stress distributions over cross sections. The resulting relationships

were then compared to theoretically developed curves. The theoretical load-



TABLE 1

TEST PURLIN DIMENSIONS AND PROPERTIES

Dimension Test Number
or
Property 2-1 2-2 2-3 3-1 3-2
Depth, in. 8.00 8.00 8.00 8.00 8.00
Flange Width, in. 3.08 3.00 3.00 2.98 2.90
Lip Length, in. 0.83 0.70 0.70 0.69 0.65
Thickness, in. 0.079 0.066 0.066 0.066 0.067
Lip Angle, deg. 42.0 39.5 39.5 40.7 38.5
X, in. 0.4739 0.4215 0.4215 0.4172 0.4012
?;‘in. 0.0138 0.0730 0.0730 0.0686 0.0505
1 , in.4 12.91 10.18 10.18 10.13 10.13
xxt
I . in.4 1.234 0.871 0.871 0.851 0.792
yyt
I s in.4 2.306 1.679 1.679 1.655 1.595
Xyt
I , in. 4 1.543 1.151 1.151 1.137 1.106
xyb
Yield Stress, ksi 65.2 75.2 75.2 66.8 61.3




deflection relationship at each dial gage location in each test was predicted
using a standard stiffness procedure with an effective moment of inertia to
account for out-of-plane bending. Calculation of this effective moment of

inertia is described later in this report.



COMPARISON OF EXPERIMENTALS RESULTS

WITH ANALYTICAL PREDICTIONS

Comparisons of experimental and analytical results for the five tests are
described in this section. The two span tests are identified as 2-1, 2-2, and
2-3, and the three span tests as 3-1 and 3-2.

Test 2-1

A summary of experimental and analytical data for this two-span test is
found in Appendix A. Failure was caused by web buckling immediately outside
of the lap in one purlin. The failure load was 190 plf/purlin compared with
a predicted load of 141 plf/purlin. This load was calculated using the method
described in Reference 1 and the section properties shown in Figure A.1l.

The experimentally determined load-deflection relationships, measured
at the midspan of each purlin, are shown in Figure A.2, together with the
predicted relationship.

Strain gages were glued to one purlin immediately adjacent to the lap
and located as shown in Figure A.l. The strain data was converted to stress
using Hook's Law for plane stress and plotted as shown in Figure A.3. The
load-stress relationship is linear until near failure indicating that slippage
in the lap connection did not occur and that drift did not exist in the

instrumentation system.



The predicted stress distribution over the cross-section for both pinned
and fixed end conditions, together with the experimentally obtained stress
for a load of 123.8 plf/purlin is shown in Figure A.4. The experimental stress
level is between the two end condition levels indicating an undesired restraint
in the test set up.

The predicted failure load is significantly lower than the measured

failure load. The restraint in the purlin support system is believed to be
the cause and modification, as described in the previous section, was made.
Results of this test are not considered valid for purlins supported by building
frames.
Test 2-2

A summary of experimental and analytical data for this two-span test is
found in Appendix B. Failure was caused by web buckling immediately outside
of the lap in one purlin. The failure load was 121 plf per purlin compared
with a predicted load of 115 plf/purlin, a difference of 5.2%. The predicted
load was calculated using the method described in Reference 1 and the section
properties shown in Figure B.1

The experimentally determined load-deflection relationships, measured at
the mid-span of each purlin, are shown in Figure B.2 together with the predicted
relationship. The effective moment of inertia, described in the next section
was used for the calculations. Excellent agreement was obtained.

Strain gages were glued to one purlin immediately adjacent to the lap
and located as shown in Figure B.1l. The recorded strain data was converted
to stress and is plotted versus load in Figure E.3. The load-stress rela-
tionship is linear until failure indicating that slippage in the lap con-

nection did not occur nor was there drift in the data aquisition system.



Comparison of the predicted and experimentally obtained stress distri-
butions at the strain gaged cross section are shown in Figure B.4. Only fair
agreement was obtained.

It is apparent from the developed data that the proposed method accurately
predicts deflections and failure load but is only a fair approximation of the
stress distribution at the critical section.

Test 2-3

A summary of experimental and analytical data for this two-span test
is found in Appendix C. Failure was caused by local buckling in both the
compression flange and the web immediately outside of the lap of one purlin
at a load of 120 plf/purlin. The predicted failure load of 115 plf per purlin
was calculated using the proposed method and the section properties shown in
Figure C.l. This load is 5.27% below the -experimental failure load.

The experimentally determined load-deflection relationships, measured at
the mid-span of each purlin, are shown in Figure C.2. together with the pre-
dicted relationships. Excellent agreement was obtained.

Strain gages were not used in this test.

The proposed method accurately predicted the failure load and the load-
deflection relationship.

Test 3-1

A summary of experimental and analytical data for this three span test
is found in Appendix D. Failure was caused by local buckling of the lip
and compression flange in the positive moment region of the two end spans.

The failure load was 153 plf/purlin compared with a predicted load of 144 plf/
purlin. However, this predicted load was based on a combined shear-bending in-

duced web buckling immediately adjacent to the end of the lap in the exterior spans.

-10-



The load was calculated using the method described in Reference 1 and the
section properties shown in Figure D.1.

The experimentally determined load-deflection relationships, measured
at the point of maximum deflection in the exterior spans, are shown in Figure
D.2 together with the predicted relationship. The agreement for one purlin
line was excellent. No explaination was found for the disagreement in the
other purlin line.

Strain gages were glued to one purlin immediately adjacent to the lap end
of the exterior span and located as shown in Figure D.l1. The strain data
was converted to stress using Hook's law and plotted as shown in Figure D.3.
Nonlinearity was due either to gage creep or premature local buckling at the
midspan of the exterior span. If local buckling did occur, the effective moment
of inertia is reduced at midspan, thus increasing the moment and stress in the
negative moment regions. Wrinkling or local buckling of the compression flange
in the exterior spans was observed before the failure load was reached.

The predicted and experimental stress distributions at the gaged cross-
section, for a load of 66 plf/purlin, is shown in Figure D.4. The experimental
stress level is considerably lower than that predicted by the proposed method.
It is felt that this discrepancy was due to the ignored rotational restraint
of the deck or to gage creep.

The proposed method accurately predicted the load-deflection relationship.
Since the failure mode was not in agreement with the assumed failure mode of
Reference 1, no statement can be made concerning the accuracy of prediction
of the failure load. From the lack of agreement in the stress distributions, it
is felt that a reexamination of the assumption regarding torsional restraint of

the deck is necessary.

-11-



Test 3-2

A summary of experimental and analytical data for this three span test
is found in Appendix E. Failure was caused by web crippling at an end bearing
location (exterior rafter support of exterior span). The failure load was
143 plf/purlin. Continued loading caused a similar bearing failure at a loca-
tion diagonally opposite to the first failure at a load of 148 plf/purlin.
Before failure, significant local buckling of the upper flanges of the exterior
purlins was observed in regions of positive bending moment. The predicted
failure load was 152 plf/purlin based on an assumed failure load of web buckling
immediately outside of the lap in the exterior span. This failure load .
coincided well with the experimental failure load, however, the predicted
failure mode was from web buckling rather than the actual failure mode of
web crippling. Prior to failure, wrinkling or buckling was observed in the
compression flange in the positive moment region. It was noted that the stiffener
lip for this compression flange did not meet the miniﬁum edge stiffener
requirements of the AISI specification.

The experimentally determined load-deflection relationships, measured at
the midspan of the outside purlins, are shown in Figure E.2 together with the
predicted deflection. The predicted relationship is considered accurate.

Strain gages were glued to one exterior purlin at two cross-sections:
immediately outside of the lap and at the midspan. Locations are shown in
Figure E.1. The experimentally determined load-stress relationships are shown
in Figure E.3. Nonlinearity in the curves was caused by premature local
buckling or by drift in the strain gage data aquisition system.

Stress distributions at the two gage cross-sections were predicted using
the proposed analytical technique and are plotted along with experimental values

in Figures A,4 and A.5. Excellent agreement was obtained at the lap

-12-



location, however, the predicted distribution at mid-span is not in agreement
with the measured stresses. The discrepency was caused by rotational restrain
of the deck which was neglected in the development of the proposed analysis
technique,

It is apparent from the test results that the proposed procedure accurately
predicts the stress distribution at the lap location. It is also apparent
that the torsional restraint of the deck must be considered in computing the
stress distributions at midspan e.g. in the positive moment region. It was
also shown that the edge stiffeners are critical components of the purlin

cross~section.

-13-



MODIFICATION OF ANALYSIS PROCEDURE

Analytical Modifications

When the top flange of a Z-purlin is restrained from lateral movement, the
lower flange tends to deflect as shown in Figures 3a and 3b. Restraint of this
movement comes from the torsional stiffness of the deck and deck-to-purlin
connection and from the out-of-plane bending stiffness of the web. The analy~
sis procedure in Reference 1 ignores this restraint, Figure 3¢, which results
in a significant over-estimate of the maximum stress in the flange as was dis-
cussed in the previous section. To account for the restraint effect, the
previous procedure is modified to include an elastic spring in the plane of the
lower flange as shown in Fig;re 3d. The out-of-plane analysis required in the
proposed procedure is then a beam on the elastic foundation with spring
stiffness K.

The equivalent lateral spring stiffness of the web alone can easily be

determined from

Ae Fho
3D
with
Et3
D = 2
12(1-u“)

- 14—
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where D = the plate rigidity, h = the web depth, t = web thickness, E = modulus
of elasticity, and u = Possion's ratio. Hence

3D

K =
L3 (3)

The torsional restraint of the complete roof system, deck, connection and
purlin, can only be determined experimentally. Figure 4b shows the experi-
mental setup used to determine K for the deck-fastemer-purlin combination of
this study.

Once the equivalent lateral stiffness is known, the horizontal bending of
the unrestrained flange is analyzed as previously, except a continuous lateral

elastic foundation is added. All other parts of the analysis are identical.

Example Calculations

Example calculations follow for the standard 8 x 3 Z 0.064 three span
purlin shown in Figure 5. Properties for the full, transformed and required
partial sections are shown, respectively, in Figures 5b, 5c¢, and 5d. The lower
flange restraint, assuming a perfectly rigid deck, is shown in Figure 5e. This
rigidity is an upper limit and is used for these example calculations only.
Deck flexibility should be included in design calculations.

1. Calculate ficticious horizontal load and effective 1I.:

h
Vo= =
Wh = W(IXyb / IXX) 107(1.091/9.676)
= 12.01b/ft
' 2
Ih - (Ixxt Iyyt - Ixyt)/Ixxt

((9.696)(0.849) - 1.592 2) / 9.696 = 0.5876 in.

2. Analyze for horizontal bending using a stiffness analysis.

For this example, the program STRUDL was used. The model is shown
in Figure 5f and the output is found in Appendix F. The horizontal
moment in the lower flange immediately outside the lap in the
exterior span was found to be:

-17-
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M11= 1.707 in-kips

3. Analyze for real vertical bending moments using a stiffness analysis.
Again the program STRUDL was used. The model is shown in Figure 5a

and the moment and shear in the section immediately outside the lap
in the exterior span were found to be:

M' = 64.28 in-kips V' =1.500 k
v v

4. Determine ficticious vertical moment from ficticious horizontal moment.

2
My Ixyt/ (Ixxtlyyt . Ixyt )

(1.712)(1.592) / ((9.696)(0.849) - 1.592‘2)

Mll
v

0.478 in-kips

5. Add real and ficticious vertical moments.

=
|

=M+ M'= 64.28 + 0,478
v v

64.8 in-kips
6. Calculate stresses at the critical section (outside of lap, exterior span)

using Equation 2.13 of Reference 1.

My _ Y Ixxt’ *¢

0 =
I 2
xxt IxxtIyyt - Ith
64.8 Y (1,707)'(9:..696);;t

9.696 T (9.696) (0.849) - (1.592)2

]

6.68 Ve -2.905 X

7, Calculate stresses at corners of critical cross-section. Locations are
shown in Figure 3c.

Normal stresses

Location X, in. vy, in. o, ksi
1 0.4969 3,360 21.0T
2 0.4969 3.877 24.5 T
3 0.4969 -4.124 29.0 C
4 ~2.503 ~4.124 20.3 C
5 ~3.019 -3.607 15.3 C

-20-



Shear stresses in web

T

V/dt = 1.50/(8.00) (0.064)

2.93 ksi

1l

8. Calculate allowable bending and shear stresses for web using AIST require-

ments. Fy = 55,0 ksi

h _ 8.00 - 2(0.064) _ 547

t 0.064 =123 > 755 = 73.8

Fv = 83,200/(123)2 = 5.50 ksi

Fbw

Fbw

520,000/(123)2 34.37 ksi 0.6(55) = 33 ksi

33.0 ksi
9. Compare actual stresses to allowable stresses.
a. Yielding
fbw = 29.0 ksi < 33.0 ksi 0.K.
b. Web Shear
fv = 2.93ksi < 5,50 ksi 0.K.
c. Web buckling due to combined bending and shear
(£, /)% + (£, /7, )7 <1.0
(2.99/5.5)% + (29.0/34.37)% <1.0
0.28+ 0.71 =0.99 < 1.0 0.K.
Section is satisfactory.
The calculations above are for a location immediately outside the lap.

Similar calculations can be made for any location along the purlin.

Comparison with Experimental Data

The stress distributions predicted by the modified procedure at the ex-
terior lap and midspan locations are compared to the experimental results for
Test 3-2 in Figures 6 and 7, respectively. A lateral spring constant of

K = 17.6 was used in the calculations. This constant was determined using the
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experimental arrangement shown in Figure 4. A purlin section identical to that
used in Test 3-2 with similar deck and identical fastener arrangement was used
to experimentally determine K.

Figure 6 shows excellent agreement between the eiperimental and theoretical
stress distributions at the lap location. Figure 7 shows good agreement for
the lower half of the cross-section at the midspan location, however, the upper
or compression flange predicted stresses are considerably lower than the measured
stresses. During Test 3~2 premature wrinkling of the compression lip and flange
in the positive moment region was observed because of an inadequate 1lip (see
measured dimensions of purlins, Figure E.l). To investigate the possibility
of increased stresses due to premature flange buckling, midspan section proper-—
ties were recalculated assuming an effective flange width of 1.0 in. The
resulting stress distribution is compared with the experimental results in
Figure 8 and excellent agreement exists.

In test 3-1, failure was caused by local flange buckling at midspan of an
exterior span at a load of 153 plf/purlin. Using the modified procedure with
K = 17.6, the predicted failure load was 195 plf/purlin for a fully effective

compression flange and 152 plf/purlin for a 1.0 in. effective compression flange

width.
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CONCLUSIONS AND RECOMMENDATIONS

Measured stress distribution found in tests of two span Z-purlin/deck systems
were adequately predicted by the previously proposed analytical procedure with
suggested modifications. Predicted failure loads using the stress distributions
and AISI provisions were shown to be in good agreement with experimental results.
The purlins used for the three span tests had inadequate stiffening lips which
necessitated further modification of the proposed procedure. The final pre-
dicted results compared very well with measured stress distributions and failure
loads.

It is recommended that the method be used for design. It is emphasized that
adequate stiffening lips are required to develop the full strength of a purlin/
deck system. It is noted that the equivalent lateral spring stiffness must be
determined experimentally and that the values used in this report should not be
applied generally. Insulation installed between the deck and the purlin can
substantially affect the restraint of the deck.

Unfortunately, the method is somewhat cumbersome for routine design in
that two stiffness analyses are required and one is an appoximation of a beam
on an elastic foundation requiring substantial computer time. Additional ana-
lytical work might include the development of closed-form solutions for a flange
supported by a continuous elastic spring.

The proposed procedure was developed for purlins with one flange continuously
restrained by roof panels screwed to a purlin flange. The method can easily

be modified for "floating" roof systems with lateral purlin support provided by
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sag rods or. straps at discrete locations.

The analytical and experimental work described here is strictly for
gravity loading with the compression flange braced by roof panels in the posi-
tive moment region and the rafter providing lateral support at the location of
maximum moment. Additional analytical and experimental study is required for
safe application to uplift loading where the compression flange is substantially

unbraced throughout the span.
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APPENDIX A

Two Span Test 2-1
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APPENDIX B

Two Span Test 2-2



P
X NS LIP EE
= 4
WOTH . =
e THICENLES
S WP
LIP LeleTR
—_— - Vs
U
Dimension or Property : 10-4
\ Y 4 \ S —
25-0
Depth, in. 8.000
Flange Width, in. 3.000 P | B
Lip Length, in. 0.700 q TSR
Thickness, in. 0.066 250 41 ¢,
-4
Lip Angle, deg. 39.50
RN ’ <. - - B
x, in. 0.422
_ Dial Gauge Locations
v, in. 0.073
Ixxt, in.4 10.175
Iyyt, in.” 0.871 \
Ixyt, in.4 1.679 5 -
4 -
Ixyb, in. 1.151 . oY
lll
Yield Stress, ksi 75.129 l/>¥—r7—-~‘~»r »
23
A
A".L“

Strain Gauge Locations
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APPENDIX C

Two Span Test 2-3
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APPENDIX D

Test 3-1
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Test 3-2



X
? { FHAMEE WIDTH
r 5

P . —
, _ \} LP ARGE
A .
L sy d .
4o
PECTH X =
X
e THICRKGS
A 7
LR LNCTR — 5
weh|, | e
5! 4 4 /
2 L]
(V=Y §
L7 /ll_zu
2-4
. r
98! 5 ¢ s
— e
2'4"
. X & - - e -
Dimension or Property A _ ;[Z“
]
Depth, in. 8.000 75 6, 43,
12-¢"
Flange Width, in. 2.900 , ) o,
Lip Length, in. 0.650
Dial Gauge Locations
Thickness, in. 0.067
Lip Angle, deg. 38.50
X, in. 0.401 _O__,‘ N \
y, in. 0.051
Ixxt, in.” 10.129 ',,
A k3P |
Iyyt, in. 0.792 4 -
' 2
Ixty, in.” 1.595 1 _ .
4 N N ,!
Ixyb, in. 1.106 1o b
Yield Stress, ksi 61.260 "”2“ 7£%V; o

Strain Gauges "M" Strain Gauges '"L"

Figure E.1 Section Properties and Instrumentation, Test 3-2

47~

e



Z-€ 1S9l ‘suor3oeljeq UBASPTW *Sa pPEOT °d 2In3Tj

-ur ‘uedspIi 3B SUOTIIB[I=(

0% 4¢ 07 gl ]

¥-146¢ 1630

~

Ld 7 NWEIWTGERE

—10u

i

04l

<002

Uniform Load, 1b/ft/purlin

-48-



Uniform Load, 1b/ft/purlin
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