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Figure 4.126: Displacement of panels after Fatigue 1 test of Specimen C-3C

Figure 4.127: Further displacement of panels of Specimen C-3C after Fatigue 2 test
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Figure 4.128: Pull-out of nails along top plate of Specimen C-3C after Fatigue 2 test

4.6.1 Summary of Specimens C Tests

Based on the experimental tests, Specimens C showed the largest strength
capacity. The maximum force experienced under cyclic loading ranged between 19978
Ib and 23400 1b at displacements of 4.40 in. to 5.89 in. (4.6% to 6.1% drift ratio). Under
monotonic loading the specimen resisted a maximum load ranging between 20300 1b and
25400 1b at displacements ranging from 7.00 in. to 9.50 in. The values beyond 20,000 Ib
and 6.00 in. were estimated from the envelope curves that included trend lines. The
monotonic loading tests produced forces about 8% greater and displacements about 16%

greater than those under the cyclic loading tests.
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The initial signs of failure for Specimen C occurred when the nails along the
spline pulled out. There was also sheathing damage along the spline. Nails also pulled
out along the base plate and end posts. Placing the specimen under two additional fatigue
tests caused the nails to pull out even further along the spline, base plate and end posts.
Nails began pulling out along the top plate as well. Sheathing damage along the spline
caused by nail pull-out and punch-through created about 0.40 in. horizontal and vertical
displacements between the panels in relation to each other. The panels began moving
independently of each other. These failure modes resulted in a minimal decrease in the

specimen’s strength.

4.7 Summary and Conclusions

All of the SIP specimens performed much better under monotonic and cyclic
loading than expected. Most specimens of Al, B, and C types were able to withstand
drifts of 5.00 in. (5.2% drift ratio) and greater, which is well beyond the practical
application of these systems. As noted earlier, according to ASCE 7-05, the maximum
allowable drift ratio is 2.5%. Therefore, most of the specimens showed capacities at least
twice this limit. This shows that the wall systems are not only very strong but they are
also very flexible. The wood-frame walls also performed very well and retained their
strength during the fatigue loading. It is important to realize that the wood-frame walls
were sheathed on both sides which made them much stronger than if they were only
sheathed on one side, which is how they are typically tested. Previous published research

testing wood-frame walls with single sided sheathing obtained significantly lower peak
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loads and displacement (Lebeda et al., 2005; Johnston et al., 2006). It is safe to assume
that the Specimens Al and B would have outperformed the traditional wood-frame
specimen had it only been sheathed on one side.

The design specifications of each specimen varied, yet the failure modes were
consistent. The fastener hardware proved to be the weakest factor of every specimen
which is consistent with previous studies on shear walls (Carradine et al., 2004; Jamison,
1997; Kermani and Hairstans, 2006). In Specimen A3 the staples sheared along the
spline and pulled out along the base and top plates. The major failure in Specimen A4
also occurred when the screws located along the spline sheared. In Specimen Al the
nails withdrew along the spline, top plate and base plate. There was also sheathing
damage along the spline. The major failure of Specimen B occurred along the spline like
Specimens A3, A4, and Al but it was not because the nails were pulling out, instead the
(2) 2x4 split apart. This is due to the inability of the 16d common nails used to join the
two 2x4’s to adequately resist the cyclic loading of the specimen. Specimen C
experienced serviceability issues when the nails pulled out along the spline, base plate
and end posts.

This chapter presented the load vs. displacement graphs and envelope curves of
various 8 ft x 8ft x 4.5 in. SIP specimens and 8 ft x 8ft traditional wood-frame walls. The
failure modes experienced were also explained as well as the behavior of Specimens Al,
B, and C under fatigue loading. The following conclusions can be drawn:

e One common failure feature in all specimens was the failure of the fastener

hardware.
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All specimens performed better than previously reported tests by showing larger
than expected load and drift capacities. This can be due to the large hold-down
capacity of the anchors and the high quality sheathing used on the structural
insulated panels.

Specimen A3, with the OSB surface spline and staples, was the weakest specimen
with the ability to resist a maximum load of 11413 1b at a displacement of 3.13 in.
(3.3% drift capacity).

Specimen A4, with the OSB surface spline and screws, had the most sudden and
brittle failure due to the brittle nature of the screws which caused them to shear
instead of bend, like the nails.

Specimen C, the wood-frame shear wall, was the strongest and most ductile
specimen. It was able to resist a maximum load ranging between 19978 1b and
23400 1b at displacements of 4.40 in. to 5.89 in. (4.6% to 6.1% drift ratio).
Sheathing bearing, which was tested in Specimen A1Bearing-3C, had an effect on
the performance of the specimen. The maximum load increased by 8% and the
displacement decreased by 17% in comparison to Specimens Al-1C and A1-2C.
There was also more extensive damage to the sheathing along the top and base
plates.

There was minimal difference between the specimens tested with the hold-downs
on the exterior of the wall than Specimen Allnternal-4C which had hold-downs

placed in cut-outs on the interior of the wall.
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e Decreasing the spacing between the 16d common nails used to connect the splines

of Specimen B would significantly increase the capacity of the wall.



Chapter 5

Data Analysis and Calculations

5.1 Introduction

The following sections describe the analytical evaluation associated with each
specimen in terms of ASTM E 2126-08 and ICC-ES AC130. The data obtained during
the monotonic and cyclic loading of the wall systems was used to determine performance
parameters of the various SIP wall designs. The objective of the analytical study
presented in this chapter is to illustrate application of the standards referred to here in
determining seismic response parameters and a preliminary comparison of various SIP
systems considered. According to ASTM E 2126-08, the shear strength of the wall

system was found by determining the absolute value of the load per unit length of the

peak

specimen, V., =——. The secant shear modulus at both 0.4P,cac and Ppeax as seen in

Figure 5.1 was found by using the relation: G'= ;x% The % refers to the aspect

ratio of the specimen. The cyclic ductility ratio is defined as the ratio of the ultimate

u

displacement and the yield displacement, D = An equivalent energy elastic-

yield
plastic (EEEP) curve was developed by circumscribing the area enclosed by the envelope
curve. The enclosed area was bordered by the origin, the ultimate displacement, and the

displacement axis of the envelope curve. The envelope curve consisted of the extreme
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points of the load-displacement hysteresis loops. An EEEP curve can be used as a visual

comparison between differing wall designs and materials. (ASTM E 2126-08, 2008)
ICC-ES ACI130 was followed to determine if the specimens are deemed

seismically compatible to a code-defined seismic-force resisting system. First, the

ultimate displacement of the specimen divided by the displacement at the ASD design

A
load must be greater than or equal to 11, or —*—>11. The ASD design load is 70% of
ASD

the load of the specimen found at a displacement of 0.6 in. (ICC-ES AC130). Refer to
Section 5.2.2.1 in this report for an example of the steps taken to determine the ASD
design load. Next, the ultimate displacement must be greater than 2.8% of the height of

the specimen, as described in the equation, A, > 0.028H . Finally, the ratio of the peak

P
load to the ASD design load must be between or equal to 2.5 to 5.0, 2.5 < K <50, If
ASD

all of these requirements are met the prefabricated panels can be used in a seismic force
resisting system and the specimen can be assigned the following values:

Response Modification Coefficient: R =6.5

System Overstrength Factor: Qp=3

Deflection Amplification Factor: Cd=4
ICC-ES AC130 was developed to use with prefabricated wood-frame shear panels but

will be applied to structural insulated panels as well in this report.
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Figure 5.1: Performance parameter of specimen (ASTM E 2126-08, 2008)

5.2 Specimens A3

Specimens A3 had a 7/16 in. x 3 in. x 8 ft OSB spline which was connected to the
SIP facing with 16 gage, 7/16 in. crown, 1.5 in. long staples at 6 in. o.c. The framing
lumber was also attached to the SIP facing with the same staples at 6 in. o.c. The USP

PHD6 hold-downs were placed at the exterior of the 8 ft x 8 ft wall.
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5.2.1 Specimen A3-1M

Specimen A3-1M was tested under monotonic loading in correspondence with
ASTM E 564-06. The parameters shown in Table 5.1 were obtained by analyzing the
Load vs. Displacement graph of the specimen shown in Chapter 4. As can be seen

below, ASTM E 2126-08 was followed to determine the values in Table 5.1.

5.2.1.1 Specimen A3-1M Calculations

ASTM E 2126-08

Relevant sections of the document are shown below for each quantity being calculated.

9.1.1 Shear Strength

Vpeak = 12522 1b/8 ft = 1565 1b/ft
9.1.2 Secant Shear Modulus

G’ at Ppeak = 12522 1b/3.64 in. = 3442 1b/in.

G’ at 0.4Ppeak= 5009 1b/0.87 in. = 5761 1b/in.
9.1.3 Cyclic Ductility Ratio and EEEP Curve

D = 4.67 in./1.95 in. = 2.39

G’ at Ppeak < G’ at 0.4Ppeak — > Generate EEEP Curve

9.1.4 Generating an EEEP Curve and determining vield limit state

Pu = 0.8%12522 1b = 10018 Ib
Au = 4.67 in. (From graph)
Ke = 5009 1b/0.87 in. = 5761 1b/in.
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Area Under Backbone Curve = 41487 lIb*in.
Au* =4.67*=21.81 in* > 2A/Ke = 2(41487)/5761 = 14.40 in
——» Pyield=(4.67 — sqrt( 21.81 — 14.40 )*5761 = 11234 1b
Ayield = 11234 1b/ 5761 1b/in. = 1.95 in.
Table 5.1: Specimen A3-1M Results
Strength Limit State Yield Limit State
Displacement (in.) 3.64 1.95
Shear Force (Ib) 12522 11234
Shear Modulus (Ibf/in.) 3442 5761
Ductility 2.39
Shear Strength (Ibf/ft) 1565
Elastic Stiffness (Ibf/in.) 5761

5.2.2 Specimen A3-1C

Specimen A3-1C was tested under cyclic loading. The calculations used to
develop performance parameters according to ASTM E 2126-08 and also to check
seismic compatibility of the specimen with a code recognized wall system according to
ICC-ES AC130 are shown below. The characteristic values of the specimen were found
by analyzing the hysterisis loops in the positive quadrant of the graph and those in the
negative quadrant of the graph seperately and then averaging the absolute value of them

together. The summary of the results is in Table 5.2.
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5.2.2.1 Specimen A3-1C Calculations

ASTM E 2126-08

Relevant sections of the document are shown below for each quantity being calculated.

9.1.1 Shear Strength

(+)  Vpeak =

Q)

9.1.2 Secant Shear Modulus

(+) G’ at Ppeak

) -
(average)

(+) G’ at 0.4Ppeak=
) -

(average)

11240 1b/8 ft = 1405 Ib/ft
11914 1b/8 ft = 1489 1b/ft
11240 1b/2.40 in. = 4687 1b/in.
11914 1b/3.89 in. = 3061 Ib/in.

= 3874 Ib/in.

4496 1b/0.97 in. = 4650 1b/in.
4765 1b/1.45 in. = 3290 Ib/in.

= 3970 1b/in.

9.1.3 Cyclic Ductility Ratio and EEEP Curve

(+) D

)

3.06 in./2.49 in. = 1.23

4.09 in./3.23 in. = 1.27

G’ at Ppeak <G’ at 0.4Ppeak =~ —— Generate EEEP Curve

9.1.4 Generating an EEEP Curve and determining vield limit state

(+) Pu =
) =
()  Au =
) =

0.8*%11240 1b 8992 1b

0.8%11914 1b 9531 1b

3.06 in. (From graph)

4.09 in. (From graph)
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(+) Ke = 4496 16/0.97 in. = 4650 Ib/in.

) = 4765 1b/1.45 in. = 3290 Ib/in.

(+) Area Under Backbone Curve = 21034 1b*in.

) = 26340 Ib*in.

(+)  Au*=3.06"=9.37in’ > 2A/Ke = 2(21034)/4650 = 9.05 in’
— » Pyield=(3.06—sqrt( 9.37—9.05)*4650 = 11579 1b
———>  Ayield = 11579 Ib/ 4650 Ib/in. = 2.49 in.

(-)  Au*=4.09"=16.76 in’ > 2A/Ke = 2(26340)/3290 = 16.01 in®

— » Pyield = (4.09 — sqrt( 16.76 — 16.01 )*3290 10623 b

Ayield = 10623 1b/ 3290 1b/in.

3.23 1n.

ICC-ES AC130

Relevant sections of the document are shown below for each quantity being calculated.

5.1.3.1 Allowable Stress Design

5.1.3.1.1 Drift Limit (Seismic)

a) 0x = min(Aa = 2.40 in. or Apeak = 3.15 in.)—>06x = 2.40 in.

b) oxe = (6x*I)/Cd =2.40 in.*(1.0)/4 = 0.60 in.

C) P at 6xe = 2586 Ib (average of positive and negative P values from graph)
d) Pasp  =0.7%(2586 1b) = 1810 1b

e) Aasp = 0.36 in. (average of positive and negative delta values from
graph)

5.1.3.1.2 Drift Limit (Wind)

A

8 {t/180 = 0.53 in.
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0.53 in. > 0.35 in.— No need to continue with calculations

5.1.3.1.3 Strength Limit (Wind and Seismic)

(+) AatPu/2.5 =8992 1b/2.5 =3597 Ib

Q) =95311b/2.5 =38121b

P at Strength Limit > P at Drift Limit = No need to continue with calculations

Allowable Stress Design

PASD= 1810 lb
AASD =0.36 1n.

5.2 Seismic Design Compatibility

9]
[\
[\

Au/Apsp =3.58 1n./0.36 in. = 10.02 <11

9]
(98]

Au=3.581in. >0.028%(8 ft *12) =2.688 in.

N
N
S

Ppeak/Pasp = 11577 1b/1810 Ib =6.39 >2

>5

—

—_

— >  Does not meet Seismic Specifications

No good!

Good!

Good!

No Good!
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Table 5.2: Specimen A3-1C Results

Strength Limit State Yield Limit State
Displacement + 2.40 2.49
(in.) - 3.89 3.23
Average 3.15 2.86
Shear Force + 11240 11579
(Ib) - 11914 10623
Average 11577 11101
Shear Modulus + 4688 4650
(Ibf/in.) - 3061 3290
Average 3874 3970
Ductility + 1.23
- 1.27
Average 1.25
Shear Strength + 1405
(Ibf/ft) - 1489
Average 1447
Elastic Stiffness + 4650
(Ibf/in.) - 3290
Average 3970
Seismic Compatibility No

According to the results of the calculations presented, Specimen A3-1C does not
meet the seismic specifications set forth by ICC-ES AC130 (2007) and explained in
Section 5.1. As a result, alternate means must be used to determine the response
modification coefficient, system overstrength factor, and the deflection amplification

factor.

5.2.3 Specimen A3-2C and Specimen A3-2C(2)

Specimen A3-2C was a replicate of Specimen A3-1C and was tested and analyzed

in the same manner in order to validate the results of Specimen A3-1C. After Specimen
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A3-2C failed under cyclic loading the wall was re-stapled and the repaired wall was titled
Specimen A3-2C(2). The calculations used to determine the parameters found in

Table 5.3 and Table 5.4 can be found in Appendix A.

Table 5.3: Specimen A3-2C Results

Strength Limit State Yield Limit State
Displacement + 2.47 2.25
(in.) - 3.75 2.94
Average 3.11 2.60
Shear Force + 10259 9862
(Ib) - 12238 11312
Average 11249 10587
Shear Modulus + 4154 4377
(Ibf/in.) - 3263 3846
Average 3708 4111
Ductility + 1.60
- 1.34
Average 1.47
Shear Strength + 1282
(Ibf/tt) - 1530
Average 1406
Elastic Stiffness + 4377
(Ibf/in.) - 3846
Average 4112
Seismic Compatibility Yes

According to the results of the calculations presented, unlike Specimen A3-1C,
Specimen A3-2C meets the requirements stated in ICC-ES AC130 (2007) and described
in Section 5.1. Accordingly, the specimen can be considered qualified within a seismic-
force resisting system with the following values of seismic response parameters:

Response Modification Coefficient: R =6.5

System Overstrength Factor: Qy=3
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Deflection Amplification Factor: Cd=4
However, as can be seen in Appendix A, Specimen A3-2C did not meet the specifications
in Section 5.2.4 of ICC-ES AC130 as described earlier. Therefore, in order to be
considered compliant. the evaluation report for the panel must include “a requirement
that collectors and their connections, bearing and anchorage of the panel, and the lateral
load path to the panel are designed in accordance with the special load combinations of
Section 12.4.3 of ASCE 7, using E, where E, is calculated using the test panel

overstrength” (ICC-ES AC130, 2007).

Table 5.4: Specimen A3-2C(2) Results

Strength Limit State Yield Limit State

Displacement + 2.75 1.86
(in.) - 2.65 2.16
Average 2.70 2.01
Shear Force + 7777 6835
(Ib) - 8064 7075
Average 7921 6955
Shear Modulus + 2824 3669
(Ibf/in.) - 3040 3276
Average 2932 3473

Ductility + 2.01

- 1.39

Average 1.70

Shear Strength + 972

(Ibf/tt) - 1008

Average 990

Elastic Stiffness + 3669

(Ibf/in.) - 3276

Average 3473

Seismic Compatibility No
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There is a noticeable drop in displacement, shear force, shear modulus, shear
strength, and elastic stiffness and an increase in ductility in Specimen A3-2C(2) in
comparison to Specimen A3-2C. It can be assumed that Specimen A3-2C(2) would have
performed as well as Specimen A3-2C if the test setup did not interfere with re-stapling

along the base plate and other locations.

5.3 Specimens A4

Specimens A4 had a 7/16 in. x 3 in. x 8 ft OSB spline which was connected to the
SIP facing with 1.25 in. long, flat head, steel screws spaced at 6 in. o.c. The framing
lumber was also attached to the SIP facing with the same screws at 6 in. o.c. The USP

PHDG6 hold-downs were placed at the exterior of the 8 ft x 8 ft wall.

5.3.1 Specimen A4-1M

Specimen A4-1M was tested under monotonic loading in correspondence with
ASTM E 564-06. The parameters shown in Table 5.5 were obtained by analyzing the
Load vs. Displacement graph of the specimen shown in Chapter 4. Similar to Specimen
A3-1M, ASTM E 2126-08 was followed to determine the characteristic values of the
specimen. Refer to Section 5.2.1.1 for an example of the equations used to determine the

parameters.
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Table 5.5: Specimen A4-1M Results

Strength Limit State Yield Limit State
Displacement (in.) 3.10 2.35
Shear Force (Ib) 18613 16450
Shear Modulus (Ibf/in.) 6000 7002
Ductility 1.52
Shear Strength (1bf/ft) 2327
Elastic Stiffness (Ibf/in.) 8772

5.3.2 Specimen A4-1C

Specimen A4-1C was tested under cyclic loading with a target displacement of
2.75 in. for the CUREE protocol. The calculations used to determine the parameters
found in Table 5.6 are the same as those used to determine Specimens A3-1C, A3-2C,

and A3-2C(2) which are located in Appendix A.
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Table 5.6: Specimen A4-1C Results

Strength Limit State Yield Limit State
Displacement + 3.27 2.98
(in.) - 4.02 3.52
Average 3.65 3.25
Shear Force + 17705 16322
(Ib) - 16208 13776
Average 16956 15049
Shear Modulus + 5421 5486
(Ibf/in.) - 4026 3912
Average 4724 4699
Ductility + 1.45
- 1.46
Average 1.45
Shear Strength + 2213
(Ibf/tt) - 2026
Average 2120
Elastic Stiffness + 5630
(Ibf/in.) - 3149
Average 4389
Seismic Compatibility Yes

According to the results of the calculations presented, Specimen A4-1C meets the
requirements stated in ICC-ES AC130 (2007). Accordingly, the specimen can be
considered qualified within a seismic-force resisting system with the following values of
seismic response parameters:

Response Modification Coefficient: R =6.5

System Overstrength Factor: Qy=3

Deflection Amplification Factor: Cd=4
However, Specimen A4-1C did not meet the specifications in Section 5.2.4 of ICC-ES
AC130. Therefore, in order to be considered compliant, the evaluation report for the

panel must include “a requirement that collectors and their connections, bearing and
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anchorage of the panel, and the lateral load path to the panel are designed in accordance
with the special load combinations of Section 12.4.3 of ASCE 7, using E,, where E,, is

calculated using the test panel overstrength” (ICC-ES 130, 2007).

5.3.3 Specimen A4-2C

Specimen A4-2C was a replicate of Specimen A4-1C and was tested and analyzed
in the same manner in order to validate the results of Specimen A4-1C. The calculations
used to determine the parameters found in Table 5.7 are the same as those used to

determine the previously stated specimens.

Table 5.7: Specimen A4-2C Results

Strength Limit State Yield Limit State
Displacement + 2.75 2.46
(in.) - 3.81 3.27
Average 3.28 2.87
Shear Force + 15763 13298
(Ib) - 17185 14607
Average 16474 13953
Shear Modulus + 5742 5407
(Ibf/in.) - 4506 4461
Average 5124 4934
Ductility + 1.31
- 1.14
Average 1.22
Shear Strength + 1970
(Ibt/ft) - 2148
Average 2059
Elastic Stiffness + 5112
(Ibf/in.) - 3632
Average 4372
Seismic Compatibility No
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Specimen A4-2C has very similar results as Specimen A4-1C. All of the values
are within 10% of each other except for ductility which is within 16%. According to
ASTM E 2126-08 values within 10% can be averaged together without performing a
third test.

According to the results of the calculations presented, Specimen A4-2C does not
meet the seismic specifications set forth by ICC-ES AC130 (2007) and described in
Section 5.1. As a result, alternate means must be used to determine the response
modification coefficient, system overstrength factor, and the deflection amplification

factor.

5.3.4 Specimen A4-3C

Specimen A4-3C was a replicate of Specimens A4-1C and A4-2C and was tested
and analyzed in the same manner in order to validate the results of the previously
screwed walls. ASTM E 2126-08 was followed to determine the parameters found in

Table 5.8. Refer to Appendix A for an example of the calculations used.
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Table 5.8: Specimen A4-3C Results

Strength Limit State Yield Limit State
Displacement + 3.09 2.67
(in.) - 3.94 3.21
Average 3.51 2.94
Shear Force + 17241 14655
(Ib) - 16034 13629
Average 16638 14142
Shear Modulus + 5588 5492
(Ibf/in.) - 4072 4243
Average 4830 4868
Ductility + 1.21
- 1.51
Average 1.36
Shear Strength + 2155
(Ibf/tt) - 2004
Average 2080
Elastic Stiffness + 5176
(Ibf/in.) - 3514
Average 4345
Seismic Compatibility No

The results found for Specimen A4-3C are all within 10% of both Specimen A4-

1C and Specimen A4-2C.

Similar to Specimen A4-2C, Specimen A4-3C does not meet the seismic

specifications set forth by ICC-ES AC130 (2007). As a result, alternate means must be

used to determine the response modification coefficient, system overstrength factor, and

the deflection amplification factor.

5.4 Specimens Al

Specimens Al had a 7/16 in. x 3 in. x 8 ft OSB spline which was connected to the

SIP facing with 8d common nails at 6 in. o.c. The framing lumber was also attached to



172
the SIP facing with 8d common nails at 6 in. o.c. As explained in Chapter 4, the Al

specimens were stronger than anticipated so a series of polynomial trend lines and failure
points estimated by failure behavior of Specimens A3 and A4 were used to determine the
80% drop in peak load, or the failure of the specimen. The following tables will include
minimum and maximum parameter values which provide a range of where the specimen

would have failed.

5.4.1 Specimen A1-1M

Specimen A1-1M was tested under monotonic loading in correspondence with
ASTM E 564-06. The facility was able to bring the specimen to a maximum
displacement of 4.57 in. and a maximum load of 17584 1b. The range of values obtained

by analyzing the trend lines according to ASTM E 2126-08 are shown in Table 5.9.
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Table 5.9: Specimen A1-1M Results

Strength Limit State Yield Limit State
Minimum Maximum | Minimum | Maximum

Displacement (in.) 4.50 5.00 2.89 2.69

Shear Force (Ib) 17565 17631 17494 16244

Shear Modulus (Ibf/in.) 3903 3526 6054 6044
Ductility 1.74 2.57
Shear Strength (Ibf/ft) 2196 2204
Elastic Stiffness (Ibf/in.) 6054 6044

5.4.2 Specimen A1-1C

Specimen A1-1C was tested under cyclic loading and with a target displacement
of 6 in. for the CUREE protocol. The calculations used to determine the parameters
found in Table 5.10 are similar to those for Specimens A3 and A4 except each step was
repeated for each trend line. For instance, the calculations in Sections 9.1.1 through 9.1.4
of ASTM E 2126-08 and Sections 5.1.3.1 and 5.2 of ICC-ES AC130 were followed to
determine the performance parameters of Specimen Al-1C in terms of the third power
polynomial trend line. Next, the fourth power polynomial trend line was anayzed in the
same manner. This was repeated until all of the trend lines were analyzed. By

determining the performance values according to each trend line, a range of values was

determined for the specimen.
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Table 5.10: Specimen A1-1C Results

Strength Limit State Yield Limit State
Minimum Maximum | Minimum | Maximum
Displacement + 4.96 5.46 3.70 3.82
(in.) - 4.88 5.38 4.43 4.51
Average 4.92 542 4.06 4.17
Shear Force + 17605 17783 16193 16714
(Ib) - 17856 18384 17273 17701
Average 17730 18083 16733 17207
Shear Modulus + 3255 3547 4374 4375
(Ibf/in.) - 3417 3659 3902 3921
Average 3336 3603 4138 4148
Ductility + 1.45 1.84
- 1.26 1.57
Average 1.36 1.70
Shear Strength + 2201 2223
(Ibf/tt) - 2298 2232
Average 2216 2260
Elastic Stiffness + 4374 4375
(Ibf/in.) - 3902 3921
Average 4138 4148
Seismic Compatibility Yes

According to the results presented in Table 5.10, Specimen Al-1C meets the
requirements stated in ICC-ES ACI130 (2007). Accordingly, the specimen can be
considered qualified within a seismic-force resisting system with the following values of
seismic response parameters:

Response Modification Coefficient: R =6.5

System Overstrength Factor: Qp=3

Deflection Amplification Factor: Cd=4
However, Specimen A1-1C did not meet the specifications in Section 5.2.4 of ICC-ES

AC130. Therefore, in order to be considered compliant, the evaluation report for the
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panel must include “a requirement that collectors and their connections, bearing and
anchorage of the panel, and the lateral load path to the panel are designed in accordance
with the special load combinations of Section 12.4.3 of ASCE 7, using E,, where E,, is

calculated using the test panel overstrength” (ICC-ES AC130, 2007).

5.4.2.1 Specimen A1-1C Fatigue 1

Specimen A1-1C did not reach an 80% drop in peak load under the initial set of
cyclic loading. This provided the opportunity to test the specimen under additional cyclic
loading in order to determine the wall’s reaction under fatigue loading. In order to
estimate the failure point of Specimen A1-1C, Fatigue 1 polynomial trend lines were
fitted to the existing data and an estimated failure point based on the failure behavior of
Specimens A3 and A4. The polynomial trend lines did not match up close enough with
the existing data properly. Analyzing the polynomial trend lines would have produced
inaccurate results. Therefore, the parameters in Table 5.11 for Specimen A1-1C Fatigue
1 were determined using the estimated failure point based on Specimens A3 and A4.

The displacement and ductility of Specimen A1-1C Fatigue 1 are within 10% of
Specimen A1-1C. The fatigue loading caused a significant drop in shear force by 30%,
shear modulus by 25%, shear strength by 30%, and the elastic stiffness by 60%.

Tables 5.11, 5.12 and 5.13 show that the fatigue tests of Specimen A1-1C were
seismically compatible. However, just like the original Specimen A1-1C, the fatigue test
specimens did not meet the specifications in Section 5.2.4 of ICC-ES AC130. Therefore,

the previously stated requirements in Section 5.4.2 of this report must be addressed.
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Table 5.11: Specimen A1-1C Fatigue 1 Results

Strength Limit State Yield Limit State
Displacement + 4.93 4.53
(in.) - 5.01 4.61
Average 4.97 4.57
Shear Force + 11076 9415
(Ib) - 13607 11566
Average 12342 10490
Shear Modulus + 2246 2078
(Ibf/in.) - 2715 2510
Average 2481 2294
Ductility + 1.37
- 1.24
Average 1.31
Shear Strength + 1385
(Ibf/tt) - 1701
Average 1543
Elastic Stiffness + 1497
(Ibf/in.) - 1805
Average 1651
Seismic Compatibility Yes

5.4.2.2 Specimen A1-1C Fatigue 2

Specimen A1-1C was sent through a third set of cyclic loading and the data was

titled Specimen A1-1C Fatigue 2. The Fatigue 2 test was analyzed in the same manner as

Specimen A1-1C Fatigue 1 test.

analyzing the trend lines according to ASTM E 2126-08.

Table 5.12 shows the range of values obtained by

The parameters for Specimen A1-1C Fatigue 2 were all within 5% of those found

for Specimen A1-1C Fatigue 1.
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Table 5.12: Specimen A1-1C Fatigue 2 Results

Strength Limit State Yield Limit State
Displacement + 4.71 4.26
(in.) - 4.83 445
Average 4.77 4.35
Shear Force + 12752 10839
(Ib) - 11256 9567
Average 12004 10203
Shear Modulus + 2707 2546
(Ibt/in.) - 2332 2149
Average 2519 2347
Ductility + 1.39
- 1.24
Average 1.32
Shear Strength + 1594
(Ibf/tt) - 1407
Average 1500
Elastic Stiffness + 1880
(Ibt/in.) - 1533
Average 1707
Seismic Compatibility Yes

5.4.2.3 Specimen A1-1C Fatigue 3

The fourth set of cyclic loading placed on Specimen Al-1C was considered

Fatigue 3. Specimen A1-1C Fatigue 3 was analyzed in the same way as Fatigues 1 and 2.

Table 5.13 shows the parameters found for Specimen A1-1C Fatigue 3 based on ASTM E

2126-08. The displacement and shear strength of Fatigue 3 was very similar to those for

Fatigue 2. There was a drop in shear force, shear modulus, elastic stiffness, and ductility

by about 16% in Fatigue 3 in comparison to Fatigue 2.
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Table 5.13: Specimen A1-1C Fatigue 3 Results

Strength Limit State Yield Limit State
Displacement + 4.60 4.15
(in.) - 4.94 4.54
Average 4.77 4.35
Shear Force + 10706 9100
(Ib) - 9394 7985
Average 10050 8543
Shear Modulus + 2327 2192
(Ibf/in.) - 1901 1757
Average 2114 1974
Ductility + 1.40
- 1.24
Average 1.32
Shear Strength + 1338
(Ibf/tt) - 1174
Average 1256
Elastic Stiffness + 1688
(Ibf/in.) - 1234
Average 1461
Seismic Compatibility Yes

5.4.3 Specimen A1-2C

Specimen A1-2C is a replicate of Specimen A1-1C and was tested and analyzed
in the same manner in order to validate the results of Specimen A1-1C. The calculations
used to determine the parameters found in Table 5.14 are similar to those for Specimens
A3 and A4 except each step was repeated for each trend line as described in Section
5.4.2. In the strength limit state column of the table, all of the parameters except for
ductility have a single value because these values were determined by examining the
envelope curve developed from the actual data obtained during cyclic loading. However,

the values in the yield limit state column were found by analyzing the trend lines which,
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resulted in a range of possible values. The shear modulus in the yield limit state only has

one value because the trend lines were so similar that they all produced the same results.

Table 5.14: Specimen A1-2C Results

Strength Limit State Yield Limit State
Minimum \ Maximum | Minimum | Maximum
Displacement + 5.32 4.80 4.92
(in.) - 5.02 4.12 4.23
Average 5.17 4.5 4.58
Shear Force + 17781 16837 17301
(Ib) - 18750 17815 17646
Average 18265 17182 17472
Shear Modulus + 3339 3508
(Ibf/in.) - 3732 4172
Average 3536 3840
Ductility + 1.31 1.40
- 1.37 222
Average 1.38 1.77
Shear Strength + 2223
(Ibf/tt) - 2344
Average 2283
Elastic Stiffness + 3508
(Ibf/in.) - 4172
Average 3840
Seismic Compatibility Yes

The values obtained for Specimen A1-2C are all within 10% of those for
Specimen A1-1C. Similar to Specimen A1-1C, Specimen A1-2C meets the requirements
stated in I[CC-ES AC130 (2007). Accordingly, the specimen can be considered qualified
within a seismic-force resisting system with the following values of seismic response
parameters:

Response Modification Coefficient: R =6.5

System Overstrength Factor: Qp=3
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Deflection Amplification Factor: Cd=4

However, Specimen A1-2C did not meet the specifications in Section 5.2.4 of ICC-ES
AC130. Therefore, in order to be considered compliant, the evaluation report for the
panel must include “a requirement that collectors and their connections, bearing and
anchorage of the panel, and the lateral load path to the panel are designed in accordance
with the special load combinations of Section 12.4.3 of ASCE 7, using E,, where E,, is

calculated using the test panel overstrength” (ICC-ES AC130, 2007).

5.4.3.1 Specimen A1-2C Fatigue 1

Specimen A1-2C was placed under another thirty-seven cycles of the CUREE
loading protocol in order to determine the effects fatigue loading has on the specimen.
The data obtained was analyzed in the same way as the previous Al specimens. The
ranges of the performance parameters obtained are shown in Table 5.15.

The minimum edge of the displacement range of Specimen A1-2C Fatigue 1 was
about 6% greater than the displacement of Specimen A1-2C for the strength limit state
while it was about 12% greater for the yield limit state. The shear modulus and ductility
of Specimen A1-2C Fatigue 1 were about 21% less than Specimen A1-2C. The shear
force and shear strength of Fatigue 1 in the strength limit state were both about 4% less
than those in Specimen A1-2C. The greatest change occurred in the elastic shear
stiffness where the values dropped by about 46% after Fatigue 1 of Specimen A1-2C.

Tables 5.15, 5.16 and 5.17 show that the fatigue tests of Specimen A1-2C were

seismically compatible. However, just like the original Specimen A1-2C, the fatigue test
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specimens did not meet the specifications in Section 5.2.4 of ICC-ES AC130. Therefore,

the previously stated requirements in Section 5.4.3 of this report must be addressed.

Table 5.15: Specimen A1-2C Fatigue 1 Results

Strength Limit State Yield Limit State
Minimum Maximum | Minimum | Maximum
Displacement + 5.68 6.68 5.13 5.53
(in.) - 5.27 5.77 4.76 5.00
Average 5.48 6.23 4.95 5.26
Shear Force + 16738 18918 14227 16080
(Ib) - 14963 16176 12719 13750
Average 15851 17547 13473 14915
Shear Modulus + 2949 2834 2772 2906
(Ibf/in.) - 2837 2801 2672 2752
Average 2893 2817 2722 2829
Ductility + 1.39 1.40
- 1.27 1.39
Average 1.33 1.39
Shear Strength + 2092 2365
(Ibf/tt) - 1870 2022
Average 1981 2193
Elastic Stiffness + 2043 2149
(Ibf/in.) - 1908 1985
Average 1976 2067
Seismic Compatibility Yes

5.4.3.2 Specimen A1-2C Fatigue 2

Specimen A1-2C was sent through a third set of cyclic loading and the data was
titled Specimen A1-2C Fatigue 2. Fatigue 2 was analyzed in the same manner as
Specimen A1-2C and A1-2C Fatigue 1. In order to estimate the failure point of

Specimen A1-2C Fatigue 2 polynomial trend lines were fitted to the existing data and an

estimated failure point based on the failure behavior of Specimens A3 and A4. The



182

polynomial trend lines did not match up closely with the existing data properly, so the
parameters in Table 5.16 for Specimen A1-2C Fatigue 2 were determined from using the
estimated failure point based on Specimens A3 and A4.

The displacement of Fatigue 2 fell within the range of Specimen A1-2C Fatigue 2.
The shear force, shear modulus, and ductility of Specimen A1-2C Fatigue 2 were all
within 10% of the minimum end of the range of Specimen A1-2C Fatigue 1. The elastic

shear stiffness was 14% less than the minimum end of the range of Fatigue 1.

Table 5.16: Specimen A1-2C Fatigue 2 Results

Strength Limit State Yield Limit State
Displacement + 5.90 5.41
(in.) - 5.30 4.87
Average 5.60 5.14
Shear Force + 15653 13305
(Ib) - 13812 11740
Average 14732 12522
Shear Modulus + 2651 2458
(Ibf/in.) - 2605 2410
Average 2628 2434
Ductility + 1.37
- 1.25
Average 1.31
Shear Strength + 1957
(Ibf/tt) - 1726
Average 1842
Elastic Stiffness + 1738
(Ibf/in.) - 1671
Average 1705
Seismic Compatibility Yes
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5.4.3.3 Specimen A1-2C Fatigue 3

The fourth set of cyclic loading placed on Specimen A1-2C was considered
Fatigue 3. Specimen A1-2C Fatigue 3 was analyzed in the same way as Fatigue 2.
Table 5.17 shows the parameters found for Specimen A1-2C Fatigue 3 based on ASTM E
2126-08. The parameters for Specimen A1-2C Fatigue 3 were all within 10% of those

found for Specimen A1-2C Fatigue 2.

Table 5.17: Specimen A1-2C Fatigue 3 Results

Strength Limit State Yield Limit State
Displacement + 6.02 5.51
(in.) - 5.43 4.99
Average 5.72 5.25
Shear Force + 14558 12374
(Ib) - 12701 10796
Average 13629 11585
Shear Modulus + 2419 2244
(Ibf/in.) - 2341 2163
Average 2380 2204
Ductility + 1.38
- 1.24
Average 1.31
Shear Strength + 1820
(Ibt/ft) - 1588
Average 1704
Elastic Stiffness + 1583
(Ibf/in.) - 1492
Average 1537
Seismic Compatibility Yes
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5.4.4 Specimen Al1Bearing-3C

Specimen AlBearing-3C was different than Specimens Al-1C and A1-2C
because the sheathing of the SIP was bearing directly on the loading elements. The
calculations used to determine the parameters found in Table 5.18 are similar to those for
Specimens A3 and A4 except each step was repeated for each trend line. The parameters
in the strength limit state column, except for ductility, were determined by examining the
actual envelope curve based on the cyclic loading of the specimen so there is only one
value as opposed to a range of values. The parameters in the yield limit state column
were determined by anayzling the trend lines which resulted in a range of values. The

trend lines were so similar that they all produced the same shear modulus values.
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Table 5.18: Specimen A1Bearing-3C

Strength Limit State

Yield Limit State

Minimum \ Maximum | Minimum | Maximum
Displacement + 4.14 2.92 2.95
(in.) - 4.25 3.96 4.16
Average 4.20 3.46 3.55
Shear Force + 19996 18377 18588
(Ib) - 19414 19363 20342
Average 19705 18972 19441
Shear Modulus + 4827 6292
(Ibf/in.) - 4564 4889
Average 4695 5590
Ductility + 1.59 1.79
- 1.12 1.37
Average 1.36 1.56
Shear Strength + 2500
(Ibf/ft) - 2427
Average 2463
Elastic Stiffness + 6292
(Ibf/in.) - 4889
Average 5590
Seismic Compatibility Yes

The sheathing bearing in Specimen AlBearing-3C had an effect on the wall

performance. In comparison to Specimens A1-1C and A1-2C, Specimen AlBearing-3C

had about a 17% decrease in displacement, about an 8% increase in shear force, about a

24% increase in shear modulus, about an 8% increase in shear strength and a significant

29% increase in elastic stiffness. This demonstrates the significance sheathing bearing

has on a wall specimen.

Similar to Specimens A1-1C and A1-2C, Specimen AlBearing-3C meets the

requirements stated in ICC-ES AC130 (2007). Accordingly, the specimen can be
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considered qualified within a seismic-force resisting system with the following values of
seismic response parameters:

Response Modification Coefficient: R =6.5

System Overstrength Factor: Q=3

Deflection Amplification Factor: Cd=4
However, Specimen Al1Bearing-3C did not meet the specifications in Section 5.2.4 of
ICC-ES AC130. Therefore, in order to be considered compliant, the evaluation report for
the panel must include “a requirement that collectors and their connections, bearing and
anchorage of the panel, and the lateral load path to the panel are designed in accordance
with the special load combinations of Section 12.4.3 of ASCE 7, using E,, where E,, is

calculated using the test panel overstrength” (ICC-ES AC130, 2007).

5.4.4.1 Specimen AlBearing-3C Fatigue 1

Due to the 20,000 1b load capacity of the facility Specimen A 1Bearing-3C did not
achieve an 80% drop in peak load capacity under the first run of cyclic testing. This
provided the opportunity to test the specimen under fatigue loading by running the same
cyclic loading a second time. Table 5.19 shows the characteristic values of Specimen
AlBearing-3C after Fatigue 1. Fatigue 1 was analyzed in the same way as Specimen
Al1Bearing-3C and the previous A1l specimens.

The displacement after Fatigue 1 increased between 1% and 10% in comparison
to Specimen AlBearing-3C. The shear force, shear modulus and shear strength

decreased by about 30% while the ductility decreased by about 9%. The greatest
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decrease occurred in the elastic shear stiffness which dropped by about 61% in
comparison to the Specimen A1Bearing-3C.

Table 5.19 shows that the fatigue test of Specimen AlBearing-3C was seismically
compatible. However, just like the original Specimen AlBearing-3C, the fatigue test
specimen did not meet the specifications in Section 5.2.4 of ICC-ES AC130. Therefore,

the previously stated requirements in Section 5.4.4 of this report must be addressed.

Table 5.19: Specimen A1Bearing-3C Fatigue 1 Results

Strength Limit State Yield Limit State
Minimum Maximum | Minimum | Maximum
Displacement + 4.00 4.50 3.54 3.60
(in.) - 4.44 4.94 4.03 4.29
Average 4.22 4.72 3.78 3.95
Shear Force + 12645 12963 10748 11018
(Ib) - 15086 16806 12823 14285
Average 13866 14885 11786 12652
Shear Modulus + 3164 2881 3040 3060
(Ibf/in.) - 3400 3402 3184 3328
Average 3282 3141 3112 3194
Ductility + 1.38 1.42
- 1.26 1.39
Average 1.34 1.39
Shear Strength + 1581 1620
(Ibf/tt) - 1886 2101
Average 1733 1861
Elastic Stiffness + 2057 2088
(Ibf/in.) - 2223 2356
Average 2140 2222
Seismic Compatibility Yes
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5.4.5 Specimen Allnternal-4C

The only difference between Specimen Allnternal-4C and Specimens A1-1C and
A1-2C is the location of the USP PHD 6 hold-down. The USP PHD 6 hold-downs were
placed on the interior of the double studded end posts instead of the exterior. The
calculations used to determine the parameters found in Table 5.20 are similar to those for
Specimens A3 and A4 except each step was repeated for each trend line. For some
parameters either all of the trend lines produced the same value or the parameter was
determined by examining the actual envelope curve created by cyclically loading the
specimen. This is represented by a single value in the cell of the table instead of a

maximum and minimum value.
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Table 5.20: Specimen AlInternal-4C

Strength Limit State Yield Limit State
Minimum \ Maximum | Minimum | Maximum
Displacement + 491 2.68 2.74
(in.) - 5.31 4.72 4.85
Average 5.11 3.72 3.77
Shear Force + 17577 15719 16031
(Ib) - 15629 15448 15879
Average 16603 15638 15808
Shear Modulus + 3583 5857.91
(Ibf/in.) - 2942 3273
Average 3262 4566
Ductility + 2.04 2.51
- 1.22 1.48
Average 1.63 1.99
Shear Strength + 2197
(Ibf/tt) - 1954
Average 2075
Elastic Stiffness + 5858
(Ibf/in.) - 3273
Average 4566
Seismic Compatibility Yes

Specimen Allnternal-4C performed similarly to Specimens A1-1C and A1-2C.
The displacement, shear force, shear modulus, and shear strength values are all within
10% of each other. Allnternal-4C has a 15% increase in ductility and a 13% increase in
elastic stiffness

Similar to Specimens Al-1C and A1-2C, Specimen Allnternal-4C meets the
requirements stated in ICC-ES ACI130 (2007). Accordingly, the specimen can be
considered qualified within a seismic-force resisting system with the following values of
seismic response parameters:

Response Modification Coefficient: R =6.5
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System Overstrength Factor: Qp=3

Deflection Amplification Factor: Cd=4
However, Specimen Allnternal-4C did not meet the specifications in Section 5.2.4 of
ICC-ES AC130. Therefore, in order to be considered compliant, the evaluation report for
the panel must include “a requirement that collectors and their connections, bearing and
anchorage of the panel, and the lateral load path to the panel are designed in accordance
with the special load combinations of Section 12.4.3 of ASCE 7, using E,, where E,, is

calculated using the test panel overstrength” (ICC-ES AC130, 2007).

5.4.5.1 Specimen Allnternal-4C Fatigue 1

Similar to Specimens Al, A2 and AlBearing, Specimen Allnternal-4C did not
reach an 80% drop in load capacity under the first run of cyclic testing due to facility
restricitons. This provided the opportunity to test the specimen under fatigue loading by
running the same cyclic loading a second time. Table 5.21 shows the characteristic
values of Specimen Allnternal-4C after Fatigue 1. Fatigue 1 was analyzed in the same
way as Specimen Allnternal-4C and the previously stated Al specimens. All of
estimated failure values were analyzed according to ASTM E 2126-08 and the range of
values obtained are in Table 5.21.

After Fatigue 1, the displacement increased by 5% for the strength limit state and
about 37% for the yield limit state. The shear strength and shear force of Specimen
Allnternal-4C were within the range of the values obtained after Fatigue 1. The shear

modulus dropped by about 19% after Fatigue 1 and the ductility dropped by about 23%.
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Similar to previous fatigues, the greatest change occurred in the elastic shear stiffness
which decreased by about 56% after Fatigue 1.

Tables 5.21, 5.22 and 5.23 show that the fatigue tests of Specimen A lInternal-4C
were seismically compatible. However, the fatigue test specimens did not meet the
specifications in Section 5.2.4 of ICC-ES ACI130. Therefore, the previously stated

requirements in Section 5.4.5 of this report must be addressed.

Table 5.21: Specimen Allnternal-4C Fatigue 1 Results

Strength Limit State Yield Limit State
Minimum Maximum | Minimum | Maximum
Displacement + 541 6.91 4.88 5.57
(in.) - 5.28 6.78 4.77 5.38
Average 5.35 6.85 4.83 5.47
Shear Force + 15869 19328 13489 16429
(Ib) - 12627 15200 10733 12920
Average 14248 17264 12111 14674
Shear Modulus + 2796 2932 2765 2952
(Ibf/in.) - 2241 2390 2248 2401
Average 2518 2661 2507 2677
Ductility + 1.40 1.43
- 1.27 1.43
Average 1.33 1.43
Shear Strength + 1984 2416
(Ibf/tt) - 1578 1900
Average 1781 2158
Elastic Stiffness + 2064 2234
(Ibf/in.) - 1645 1780
Average 1855 2007
Seismic Compatibility Yes
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5.4.5.2 Specimen Allnternal-4C Fatigue 2

Specimen Allnternal-4C was sent through a third set of cyclic loading and the
data was titled Specimen Allnternal-4C Fatigue 2. Fatigue 2 was analyzed in the same
manner as Specimen Allnternal-4C and Allnternal-4C Fatigue 1. Table 5.22 shows the
range of performance parameters obtained.

The displacement of Fatigue 2 fell within the range of Specimen Allnternal-4C
Fatigue 1. The shear force, shear modulus, shear strength, and ductility of Specimen
Allnternal-4C Fatigue 2 were all within 10% of the minimum end of the range of
Specimen Allnternal-4C Fatigue 1. The elastic shear stiffness was 18% less than the

minimum end of the range of Fatigue 1.
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Table 5.22: Specimen Allnternal-4C Fatigue 2 Results

Strength Limit State

Yield Limit State

Displacement + 5.63 5.15
(in.) - 5.52 5.02
Average 5.57 5.09
Shear Force + 13801 11730
(Ib) - 11727 9968
Average 12764 10849
Shear Modulus + 2453 2278
(Ibf/in.) - 2126 1984
Average 2289 2131
Ductility + 1.38
- 1.26
Average 1.32
Shear Strength + 1725
(Ibf/tt) - 1466
Average 1595
Elastic Stiffness + 1620
(Ibf/in.) - 1437
Average 1529
Seismic Compatibility Yes

5.4.5.3 Specimen Allnternal-4C Fatigue 3

Specimen Allnternal-4C was tested under a fourth set of cyclic loading and the

data obtained was titled Specimen Allnternal-4C Fatigue 3. Fatigue 3 was analyzed in

the same manner as Specimen Allnternal-4C, Allnternal-4C Fatigue 1, and Allnternal-

4C Fatigue 2. Table 5.23 shows the range of values obtained, according to ASTM E

2126-08.

The displacement of Allnternal-4C Fatigue 3 increased by about 4% in

comparison to Allnternal-4C Fatigue 2 while the shear modulus decreased by about

10%. The shear force, shear strength, elastic shear stiffness, and ductility of Fatigue 3
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were all within range of Fatigue 2. This shows that there was minimal difference

between Fatigue 2 and Fatigue 3 of Specimen Allnternal-4C.

Table 5.23: Specimen Allnternal-4C Fatigue 3 Results

Strength Limit State Yield Limit State
Minimum Maximum | Minimum | Maximum
Displacement + 5.90 7.40 5.35 6.20
(in.) - 5.70 9.20 5.19 7.64
Average 5.80 8.30 5.27 6.92
Shear Force + 11792 14843 10023 12617
(Ib) - 10232 19520 8697 16592
Average 11012 17182 9360 14605
Shear Modulus + 1998 2005 1872 2035
(Ibf/in.) - 1795 2122 1676 2173
Average 1897 2064 1774 2104
Ductility + 1.39 1.43
- 1.26 1.44
Average 1.32 1.43
Shear Strength + 1474 1855
(Ibf/ft) - 1279 2440
Average 1377 2148
Elastic Stiffness + 1367 1495
(Ibf/in.) - 1206 1596
Average 1286 1546
Seismic Compatibility Yes

5.5 Specimens B

Specimens B had a (2) 2x4 spline in which the 2x4’s were connected with (2) 16d
common nails spaced at 4 in. from each end of the 7 ft 9 in. spline and 24 in. o.c. The
spline and the framing lumber were attached to the OSB sheathing of the SIP with 8d
common nails spaced at 6 in. o.c.

The USP PHD6 hold-downs were placed at the

exterior of the 8 ft x 8 ft wall.
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All except for one of the Specimen B walls were stronger than anticipated and due
to the limitations of the test facility they could not be tested to an 80% drop in load. In
order to determine the failure of these specimens trend lines were added to the envelope
curve, as demonstrated in Chapter 4. Each trend line was analyzed according to ASTM E
2126-08 and ICC-ES AC130 and the range of values found are presented in the following
tables. If a parameter only has one value, not a minimum and maximum, then the trend

lines all produced the same value.

5.5.1 Specimen B-1M

Specimen B-1M was tested under monotonic loading in correspondence with
ASTM E 564-06. The facility was able to bring the specimen to a maximum
displacement of 5.30 in. and a maximum load of 17191 Ib. The load began to decrease as
the displacement increased but the displacement limitations of the facility did not allow
the specimen to reach an 80% drop in peak load. The maximum and minimum trend
lines fit to the existing data were analyzed and the range of values obtained according to

ASTM E 2126-08 is shown in Table 5.24.
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Table 5.24: Specimen B-1M Results

Strength Limit State Yield Limit State
Minimum | Maximum | Minimum | Maximum
Displacement (in.) 5.15 3.82 4.71
Shear Force (Ib) 17191 14613 18008
Shear Modulus (1bf/in.) 3340 3823
Ductility 128 | 145

Shear Strength (Ibf/ft) 2149
Elastic Stiffness (Ibf/in.) 3823

5.5.2 Specimen B-1C

Specimen B-1C was tested under cyclic loading using a target displacement of 6

in. for the CUREE protocol. Refer to Table 5.25 for the specimen parameters.
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Table 5.25: Specimen B-1C Results

Strength Limit State Yield Limit State
Minimum \ Maximum | Minimum | Maximum
Displacement + 5.17 4.59 4.77
(in.) - 5.12 6.12 4.59 5.82
Average 5.15 5.65 4.59 5.27
Shear Force + 17709 17020 17672
(Ib) - 17112 18186 14545 18667
Average 17410 17947 15782 18067
Shear Modulus + 3424 3707
(Ibf/in.) - 2973 3344 3170 3207
Average 3198 3384 3438 3457
Ductility + 1.26 1.42
- 1.26 1.34
Average 1.26 1.35
Shear Strength + 2214
(Ibf/tt) - 2139 2273
Average 2176 2243
Elastic Stiffness + 3707
(Ibf/in.) - 3170 3207
Average 3438 3457
Seismic Compatibility Yes

According to the results presented, Specimen B-1C meets the requirements stated
in [CC-ES AC130 (2007). Accordingly, the specimen can be considered qualified within
a seismic-force resisting system with the following values of seismic response
parameters:

Response Modification Coefficient: R =6.5

System Overstrength Factor: Qy=3

Deflection Amplification Factor: Cd=4
However, Specimen B-1C did not meet the specifications in Section 5.2.4 of ICC-ES

AC130, and in order to be considered compliant, the evaluation report for the panel must
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include “a requirement that collectors and their connections, bearing and anchorage of the
panel, and the lateral load path to the panel are designed in accordance with the special
load combinations of Section 12.4.3 of ASCE 7, using E,, where E,, is calculated using

the test panel overstrength” (ICC-ES AC130, 2007).

5.5.2.1 Specimen B-1C Fatigue 1

Specimen B-1C was tested under a second run of cyclic loading in order to
determine the specimen’s characteristics under fatigue loading. Specimen B-1C failed
during a trailing cycle of Fatigue 1 but due to the displacement limitations of the facility
the next primary cycle could not be run so the drop in the envelope curve was not plotted.
The trend lines and estimated failure points were analyzed according to ASTM E 2126-
08 and the range of values obtained is shown in Table 5.26.

In comparison to Specimen B-1C, the displacement of Specimen B-1C Fatigue 1
increased by about 18%. There was also a 5% increase in ductility of Fatigue 1. The
decrease in shear force, shear modulus, and shear strength ranged from about 14% to
25%. Similar to previous specimens placed under fatigue, the elastic shear stiffness of
Specimen B-1C Fatigue 1 decreased by about 47% in comparison to Specimen B-1C.

Table 5.26 shows that Fatigue 1 of Specimen B-1C was seismically compatible to
the specifications of ICC-ES AC130. However, the Fatigue 1 test did not meet all of the
conditions of Section 5.2.4 of ICC-ES AC130. Therefore, the previously stated

requirements in Section 5.5.2 of this report must be addressed.
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Table 5.26: Specimen B-1C Fatigue 1 Results

Strength Limit State Yield Limit State
Minimum Maximum | Minimum | Maximum
Displacement + 5.60 6.10 5.07 5.29
(in.) - 5.29 6.29 4.78 5.28
Average 545 6.20 4.93 5.28
Shear Force + 14716 15789 12059 13421
(Ib) - 13689 16052 11636 13644
Average 14203 15920 12072 13532
Shear Modulus + 2588 2627 2467 2537
(Ibf/in.) - 2553 2589 2433 2585
Average 2570 2608 2450 2561
Ductility + 1.38 1.39
- 1.27 1.41
Average 1.33 1.39
Shear Strength + 1839 1974
(Ibf/ft) - 1711 2006
Average 1775 1990
Elastic Stiffness + 1742 2060
(Ibf/in.) - 1799 1819
Average 1770 1939
Seismic Compatibility Yes

5.5.3 Specimen B-2C

Specimen B-2C is a replicate of Specimen B-1C and was tested and analyzed in
the same manner in order to validate the results of Specimen B-1C. Refer to Table 5.27

for the specimen parameters.
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Table 5.27: Specimen B-2C Results

Strength Limit State Yield Limit State
Minimum \ Maximum | Minimum | Maximum
Displacement + 4.85 4.30 4.48
(in.) - 5.13 5.63 4.46 5.76
Average 4.99 5.24 4.38 5.09
Shear Force + 19992 19148 19977
(Ib) - 19412 20005 16500 21291
Average 19702 19998 17824 20503
Shear Modulus + 4120 4458
(Ibf/in.) - 3554 3785 3697 3718
Average 3837 3952 4077 4088
Ductility + 1.23 1.46
- 1.08 1.35
Average 1.20 1.40
Shear Strength + 2499
(Ibf/tt) - 2426 2501
Average 2463 2500
Elastic Stiffness + 4458
(Ibf/in.) - 3697 3718
Average 4077 4088
Seismic Compatibility Yes

The parameters found for Specimen B-2C are similar to those of Specimen B-1C.
The displacement, ductility, and shear strength are all within about 10% of each other.
The shear forces between the two specimens are within about 12% and the shear modulus
and elastic stiffness are within 15% of the specimens.

Similar to Specimen B-1C, Specimen B-2C meets the requirements stated in ICC-
ES ACI130 (2007). Accordingly, the specimen can be considered qualified within a
seismic-force resisting system with the following values of seismic response parameters:

Response Modification Coefficient: R =6.5

System Overstrength Factor: Qp=3
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Deflection Amplification Factor: Cd=4

However, Specimen B-2C did not meet the specifications in Section 5.2.4 of ICC-ES
AC130, and in order to be considered compliant, the evaluation report for the panel must
include “a requirement that collectors and their connections, bearing and anchorage of the
panel, and the lateral load path to the panel are designed in accordance with the special
load combinations of Section 12.4.3 of ASCE 7, using E,, where E,, is calculated using

the test panel overstrength” (ICC-ES AC130, 2007).

5.5.3.1 Specimen B-2C Fatigue 1

Similar to Specimen B-1C, Specimen B-2C was tested under fatigue loading by
running the same cyclic loading a second time. All of the estimated failure values from
the trend lines and estimated failure points were analyzed according to ASTM E 2126-08
and the range of values obtained are in Table 5.28.

Fatigue 1 of Specimen B-2C resulted in about an 11% increase in displacement
and a 10% to 15% decrease in shear force, shear modulus, and shear strength in
comparison to Specimen B-2C. There was a minimal change in ductility between the two
tests but the elastic shear stiffness dropped by about 45% in Specimen B-2C Fatigue 1.

Tables 5.28 and 5.29 show that the fatigue tests of Specimen B-2C were
seismically compatible. However, just like the original Specimen B-2C, the fatigue test
specimens did not meet the specifications in Section 5.2.4 of ICC-ES AC130. Therefore,

the previously stated requirements in Section 5.5.3 of this report must be addressed.
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Table 5.28: Specimen B-2C Fatigue 1 Results

Strength Limit State Yield Limit State
Minimum Maximum | Minimum | Maximum
Displacement + 548 5.98 4.96 5.17
(in.) - 5.10 6.10 4.65 5.18
Average 5.29 6.04 4.80 5.17
Shear Force + 18657 19979 15858 16982
(Ib) - 16611 19963 14120 16969
Average 17634 19971 14989 16976
Shear Modulus + 3340 3403 3200 3287
(Ibf/in.) - 3260 3275 3040 3277
Average 3307 3331 3120 3282
Ductility + 1.37 1.39
- 1.26 1.38
Average 1.32 1.38
Shear Strength + 2332 2497
(Ibf/tt) - 2076 2495
Average 2204 2496
Elastic Stiffness + 2296 2375
(Ibf/in.) - 2124 2325
Average 2210 2350
Seismic Compatibility Yes

5.5.3.2 Specimen B-2C Fatigue 2

Specimen B-2C was placed under a third set of cyclic loading and the data was
titled Specimen B-2C Fatigue 2. Fatigue 2 was analyzed in the same manner as
Specimen B-2C and B-2C Fatigue 1. The polynomial trend lines and the estimated
failure points were analyzed according to ASTM E 2126-08 and the range of values
obtained are shown in Table 5.29.

There were minimal differences between Fatigue 1 and Fatigue 2 of Specimen B-

2C. The shear force, shear modulus, shear strength, shear elastic stiffness, and ductility



decreased by 10% or less while the displacement only increased by about 4% in Fatigue

2.
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Table 5.29: Specimen B-2C Fatigue 2 Results

Strength Limit State Yield Limit State
Minimum \ Maximum | Minimum \ Maximum
Displacement + 5.78 5.29
(in.) - 5.19 6.69 4.75 5.65
Average 5.49 6.24 5.02 5.47
Shear Force + 17413 14801
(Ib) - 15980 21533 13583 18303
Average 16697 19473 14192 16552
Shear Modulus + 3010 2800
(Ibf/in.) - 3077 3217 2860 3239
Average 3044 3114 2830 3020
Ductility + 1.38
- 1.25 1.39
Average 1.32 1.38
Shear Strength + 2177
(Ibf/ft) - 1998 2692
Average 2087 2434
Elastic Stiffness + 1948
(Ibf/in.) - 2003 2284
Average 1976 2116
Seismic Compatibility Yes

5.5.4 Specimen B-3C

Specimen B-3C is a replicate of Specimens B-1C and B-2C and was tested and
analyzed in the same manner in order to validate the results of Specimen B-1C. Refer

to Table 5.30 for the specimen parameters.
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Table 5.30: Specimen B-3C Results

Strength Limit State

Yield Limit State

Minimum \ Maximum | Minimum | Maximum
Displacement + 5.01 3.67 3.75
(in.) - 5.77 6.27 532 6.95
Average 5.39 5.64 4.50 5.35
Shear Force + 17121 16273 16597
(Ib) - 18315 18511 15568 20406
Average 17718 17816 15920 18501
Shear Modulus + 3418 4429
(Ibf/in.) - 2951 3173 2925 2935
Average 3184 3295 3677 3682
Ductility + 1.53
- 1.10 1.32
Average 1.32 1.48
Shear Strength + 2140
(Ibf/tt) - 2289 2314
Average 2215 2227
Elastic Stiffness + 4429
(Ibf/in.) - 2925 2934
Average 3677 3682
Seismic Compatibility Yes

The parameters of Specimen B-3C are very similar to those of Specimens B-1C

and B-2C. All of the parameters for Specimen B-3C are within 10% of Specimen B-1C

and all except for the shear modulus of Specimen B-2C are within 10% as well. The

shear modulus of Specimen B-3C is about 17% less than that of Specimen B-2C.

Similar to Specimens B-1C and B-2C, Specimen B-3C meets the requirements

stated in ICC-ES AC130 (2007). Accordingly, the specimen can be considered qualified

within a seismic-force resisting system with the following values of seismic response

parameters:

Response Modification Coefficient: R =6.5
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System Overstrength Factor: Qp=3

Deflection Amplification Factor: Cd=4
However, Specimen B-3C did not meet the specifications in Section 5.2.4 of ICC-ES
AC130, so in order to be considered compliant the evaluation report for the panel must
include “a requirement that collectors and their connections, bearing and anchorage of the
panel, and the lateral load path to the panel are designed in accordance with the special
load combinations of Section 12.4.3 of ASCE 7, using E,, where E,, is calculated using

the test panel overstrength” (ICC-ES AC130, 2007).

5.6 Specimens C

Specimens C were conventional wood-frame walls. Both sides of the wall were
sheathed with 7/16 in. x 4 ft x 8 ft sheets of OSB oriented vertically with the OSB
running parallel to the studs. The studs were 2x4 SPF No. 2 or better spaced at 16 in. o.c.
nailed according to the IBC. The sheathing was attached to the wall with 8d common
nails spaced at 6 in. o.c. along the outer perimeter and spline and 12 in. o.c. along the
studs. There was a double top plate and a single base plate.

Similar to Specimens Al and B, trend lines and failure points from previous tests
were used to estimate the failure points of the specimen. Unlike Specimens Al and B,
the hysteresis loops for Specimen C-1C did not begin to level off towards the end of the
test. As a result, trend lines were drawn from the actual peak point of the eighth primary
cycle of the test and they were drawn from a point extended to a 15% increase in load.

The maximum trend line and the minimum trend line were then analyzed to determine the
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maximum and minimum values. Refer to Chapter 4 for the envelope curves and trend

lines used to develop the values in the following tables.

5.6.1 Specimen C-1M

Specimen C-1M was tested under monotonic loading according to ASTM E 564-
08. The specimen was taken to a maximum load of about 19000 1b and a maximum
displacement just under 6 in. Due to displacement limitations of the test facility the
specimen was not pushed to a point where the displacement increased as the load
decreased. In order to analyze the wall various power polynomial trend lines were fitted
to the existing data. The trend lines were analyzed according to ASTM E 2126-08 and

the range of values obtained is shown in Table 5.31.

Table 5.31: Specimen C-1M Results

Strength Limit State Yield Limit State
Minimum Maximum | Minimum | Maximum

Displacement (in.) 7.00 9.50 7.30 7.68

Shear Force (Ib) 20354 25366 22545 24372

Shear Modulus (1bf/in.) 2908 2670 3089 3172
Ductility 1.07 1.61
Shear Strength (1bf/ft) 2544 3171
Elastic Stiffness (Ibf/in.) 3089 3172

5.6.2 Specimen C-1C

Specimen C-1C was tested under cyclic loading using a target displacement of 6

in. for the CUREE protocol. Refer to Table 5.32 for the specimen parameters.
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Table 5.32: Specimen C-1C Results

Strength Limit State Yield Limit State
Minimum Maximum | Minimum | Maximum
Displacement + 4.99 6.20 4.24 5.34
(in.) - 4.23 5.38 4.14 4.32
Average 4.61 5.79 4.19 4.83
Shear Force + 20003 23003 17002 22256
(Ib) - 19957 22951 20626 21767
Average 19980 22977 18814 22011
Shear Modulus + 3710 4010 4011 4170
(Ibf/in.) - 4264 4722 4691 5041
Average 3987 4366 4351 4606
Ductility + 1.27 1.50
- 1.33 1.66
Average 1.30 1.58
Shear Strength + 2500 2875
(Ibf/ft) - 2495 2869
Average 2497 2872
Elastic Stiffness + 4011 4170
(Ibf/in.) - 4977 5041
Average 4494 4605
Seismic Compatibility Yes

According to the results presented, Specimen C-1C meets the requirements stated
in ICC-ES AC130 (2007). Accordingly, the specimen can be considered qualified within
a seismic-force resisting system with the following values of seismic response
parameters:

Response Modification Coefficient: R =6.5

System Overstrength Factor: Qy=3

Deflection Amplification Factor: Cd=4
Of course, it should be noted that these seismic response parameters have been developed

for wood-frame walls in the first place. Therefore it should not be surprising to see that
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Specimen C-1C meets the ICC-ES AC130 requirements. However, Specimen C-1C did

not meet the specifications in Section 5.2.4 of ICC-ES ACI130, so in order to be
considered compliant the evaluation report for the panel must include “a requirement that
collectors and their connections, bearing and anchorage of the panel, and the lateral load
path to the panel are designed in accordance with the special load combinations of
Section 12.4.3 of ASCE 7, using E, where E, is calculated using the test panel

overstrength” (ICC-ES AC130, 2007).

5.6.2.1 Specimen C-1C Fatigue 1

Specimen C-1C did not achieve an 80% drop in peak load under the first run of
cyclic testing due to facility restricitons. This provided the opportunity to test the
specimen under fatigue loading by running the same cyclic loading a second time. The
estimated failure values were analyzed according to ASTM E 2126-08 and the range of
values obtained is in Table 5.33.

In comparison to Specimen C-1C, the displacement of Fatigue 1 increased by
about 19%. The shear modulus decreased by about 21% while the shear force, shear
strength, and ductility were all within the range of Specimen C-1C. The greatest
difference occurred in the elastic shear stiffness which dropped by about 48% for Fatigue
1.

Tables 5.33 and 5.34 show that the fatigue tests of Specimen C-1C were

seismically compatible in terms of ICC-ES AC130. However, the fatigue test specimens
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did not meet all of the conditions of Section 5.2.4 in ICC-ES AC130. Therefore, the

previously stated requirements in Section 5.6.2 of this report must be addressed.

Table 5.33: Specimen C-1C Fatigue 1 Results

Strength Limit State Yield Limit State
Minimum Maximum | Minimum | Maximum
Displacement + 5.37 7.80 4.95 6.41
(in.) - 5.07 6.58 4.57 531
Average 5.22 7.19 4.76 5.86
Shear Force + 19544 31188 16613 26510
(Ib) - 14291 17972 12147 15276
Average 16918 24580 14380 20893
Shear Modulus + 3637 3998 3359 4138
(Ibf/in.) - 2817 2731 2660 2879
Average 3227 3365 3009 3509
Ductility + 1.24 1.38
- 1.40 1.41
Average 1.32 1.40
Shear Strength + 2443 3898
(Ibf/tt) - 1786 2247
Average 2115 3072
Elastic Stiffness + 2447 2872
(Ibf/in.) - 1964 2169
Average 2205 2520
Seismic Compatibility Yes

5.6.2.2 Specimen C-1C Fatigue 2

Specimen C-1C was placed under a third set of cyclic loading. Specimen C-1C
Fatigue 2 was analyzed in the same manner as Specimens C-1C and C-1C Fatigue 1.
Table 5.34 shows the range of values which were obtained from analyzing Fatigue 2

according to ASTM E 2126-08.
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The change in displacement and ductility of Fatigue 2 were both less than 5% in
comparison to Fatigue 1. The shear force, shear modulus, and shear strength decreased

by about 12% while the elastic shear stiffness decreased by about 18%.

Table 5.34: Specimen C-1C Fatigue 2 Results

Strength Limit State Yield Limit State
Minimum Maximum | Minimum | Maximum
Displacement + 5.55 8.00 5.11 6.62
(in.) - 5.34 5.76 4.93 5.28
Average 5.45 6.88 5.02 5.95
Shear Force + 17325 27600 14726 23460
(Ib) - 12946 14887 11004 12654
Average 15135 21244 12865 18057
Shear Modulus + 3119 3451 2881 3544
(Ibf/in.) - 2422 2586 2232 2396
Average 2771 3018 2556 2970
Ductility + 1.24 1.38
- 1.37 1.37
Average 1.30 1.38
Shear Strength + 2166 3450
(Ibf/tt) - 1618 1861
Average 1892 2655
Elastic Stiffness + 2075 2463
(Ibf/in.) - 1585 1662
Average 1830 2063
Seismic Compatibility Yes

5.6.3 Specimen C-2C

Specimen C-2C was a replicate of Specimen C-1C and was tested and analyzed in
the same manner in order to validate the results of Specimen C-1C. Refer to Table 5.35

for the specimen parameters.
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Table 5.35: Specimen C-2C Results

Strength Limit State

Yield Limit State

Seismic Compatibility

Yes

Minimum Maximum | Minimum | Maximum
Displacement + 4.11 5.97 4.09 4.16
(in.) - 431 6.31 3.61 6.27
Average 4.21 6.14 3.85 5.22
Shear Force + 19993 22992 20827 21421
(Ib) - 19924 25333 16935 26017
Average 19958 24163 18881 23719
Shear Modulus + 3849 4870 5090 5149
(Ibf/in.) - 4015 4623 4149 4689
Average 3932 4747 4649 4890
Ductility + 1.15 1.81
- 1.25 1.37
Average 1.26 1.53
Shear Strength + 2499 2874
(Ibf/ft) - 2490 3167
Average 2495 3020
Elastic Stiffness + 5090 5149
(Ibf/in.) - 3798 4149
Average 4444 4649

All of the parameters for Specimen C-2C are within 10% of those for Specimen

C-1C. This demonstrates accuracy in the testing procedure and analysis.

Just like

Specimen C-1C, Specimen C-2C meets the requirements stated in ICC-ES AC130

(2007). Accordingly, the specimen can be considered qualified within a seismic-force

resisting system with the following values of seismic response parameters:

Response Modification Coefficient: R =6.5

System Overstrength Factor:

Deflection Amplification Factor:

Cd=

Qo:3

4
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However, Specimen C-2C did not meet the specifications in Section 5.2.4 of ICC-ES
AC130, so in order to be considered compliant, the evaluation report for the panel must
include “a requirement that collectors and their connections, bearing and anchorage of the
panel, and the lateral load path to the panel are designed in accordance with the special
load combinations of Section 12.4.3 of ASCE 7, using E,, where E,, is calculated using

the test panel overstrength” (ICC-ES AC130, 2007).

5.6.3.1 Specimen C-2C Fatigue 1

Specimen C-2C was placed under fatigue loading by running the same cyclic
loading a second time. The estimated failure values from the trend lines and estimated
failure points fit to the existing data were analyzed according to ASTM E 2126-08 and
Table 5.36 shows the range of values obtained.

In comparison to Specimen C-2C, the displacement for Fatigue 1 increased by
about 12%. The shear force, shear strength, shear modulus and ductility of Fatigue 1 and
Specimen C-2C were all within range of each other. There was a decrease of about 39%
in the elastic shear stiffness of Fatigue 1.

Tables 5.36 and 5.37 show that the fatigue tests of Specimen C-2C were
seismically compatible in terms of ICC-ES AC130. However, the fatigue test specimens
did not meet all of the conditions of Section 5.2.4 in ICC-ES AC130. Therefore, the

previously stated requirements in Section 5.6.3 of this report must be addressed.
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Table 5.36: Specimen C-2C Fatigue 1 Results

Strength Limit State Yield Limit State
Minimum Maximum | Minimum | Maximum
Displacement + 4.94 6.39 4.49 5.13
(in.) - 4.90 6.33 4.47 5.36
Average 4.92 6.36 4.48 5.24
Shear Force + 19990 25006 16992 21255
(Ib) - 19811 27038 16839 22983
Average 19901 26022 16916 22119
Shear Modulus + 3916 4049 3786 4146
(Ibf/in.) - 4044 4274 3767 4285
Average 4047 4095 3776 4216
Ductility + 1.26 1.39
- 1.38 1.40
Average 1.32 1.40
Shear Strength + 2499 3126
(Ibf/ft) - 2476 3380
Average 2488 3253
Elastic Stiffness + 2579 2931
(Ibf/in.) - 2640 3052
Average 2610 2991
Seismic Compatibility Yes

5.6.3.2 Specimen C-2C Fatigue 2

Specimen C-2C was placed under a third set of cyclic loading. Specimen C-2C
Fatigue 2 was analyzed in the same way as Specimen C-2C and Fatigue 1. The ranges of
values obtained from the analysis are shown in Table 5.37.

Specimen C-2C Fatigue 2 is very similar to Fatigue 1. The displacement, shear
modulus, shear strength, shear force and ductility of Fatigue 2 are all within range or
within 10% of Fatigue 1. The elastic shear stiffness of Fatigue 2 decreased by about

14%, in comparison to Fatigue 1.
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Table 5.37: Specimen C-2C Fatigue 2

Strength Limit State Yield Limit State
Minimum Maximum | Minimum | Maximum
Displacement + 5.54 7.02 5.07 5.89
(in.) - 5.02 5.40 4.64 4.96
Average 5.28 6.21 4.86 542
Shear Force + 20198 26343 17169 22392
(Ib) - 18062 20771 15352 17655
Average 19130 23557 16260 20024
Shear Modulus + 3643 3754 3385 3804
(Ibf/in.) - 3598 3846 3310 3558
Average 3621 3800 3347 3681
Ductility + 1.25 1.38
- 1.36 1.37
Average 1.31 1.38
Shear Strength + 2525 3293
(Ibf/tt) - 2258 2596
Average 2391 2945
Elastic Stiffness + 2336 2676
(Ibf/in.) - 2255 2405
Average 2295 2540
Seismic Compatibility Yes

5.6.4 Specimen C-3C

Specimen C-3C was a replicate of Specimens C-1C and C-2C and was tested and
analyzed in the same manner in order to validate the results of Specimen C-1C. Refer to

Table 5.38 for the specimen parameters.
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Table 5.38: Specimen C-3C Results

Strength Limit State Yield Limit State
Minimum Maximum | Minimum | Maximum
Displacement + 4.72 6.07 3.61 5.72
(in.) - 4.03 543 3.14 4.54
Average 4.38 5.75 3.37 5.13
Shear Force + 20000 23000 17000 22594
(Ib) - 19990 23222 16992 22459
Average 19995 23111 16995 22527
Shear Modulus + 4239 3787 4711 3947
(Ibf/in.) - 4958 4274 5417 4951
Average 4598 4031 5064 4449
Ductility + 1.49 1.34
- 1.48 1.54
Average 1.48 1.44
Shear Strength + 2500 2875
(Ibf/ft) - 2499 2903
Average 2499 2889
Elastic Stiffness + 3768 3947
(Ibf/in.) - 4657 4951
Average 4212 4449
Seismic Compatibility Yes

The results found for Specimen C-3C are very similar to the results found for
Specimens C-1C and C-2C. All of the parameters for Specimen C-3C are within 12% of
those for Specimen C-2C. All of the Specimen C-3C parameters except for the yield
limit state displacement are within 10% of Specimen C-1C. The yield limit state
displacements are within 20% of each other. All values for Specimens C-1C, C-2C, and
C-3C are within 15% of the average of the three specimens, which allows the average

value to be used in describing Specimens C. (ICC-ES AC130, 2007)
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Just like Specimens C-1C and C-2C, Specimen C-3C meets the requirements
stated in ICC-ES AC130 (2007). Accordingly, the specimen can be considered qualified
within a seismic-force resisting system with the following values of seismic response
parameters:

Response Modification Coefficient: R =6.5

System Overstrength Factor: Q=3

Deflection Amplification Factor: Cd=4
However, Specimen C-3C did not meet the specifications in Section 5.2.4 of ICC-ES
AC130, so in order to be considered compliant, the evaluation report for the panel must
include “a requirement that collectors and their connections, bearing and anchorage of the
panel, and the lateral load path to the panel are designed in accordance with the special
load combinations of Section 12.4.3 of ASCE 7, using E,, where E,, is calculated using

the test panel overstrength” (ICC-ES AC130, 2007).

5.6.4.1 Specimen C-3C Fatigue 1

Specimen C-3C did not reach an 80% drop in peak load under the first run of
cyclic testing due to facility restricitons. This provided the opportunity to test the
specimen under fatigue loading by running the same cyclic loading a second time.
Table 5.39 shows the range of characteristic values of Specimen C-3C Fatigue 1.

The displacement of Specimen C-3C Fatigue 1 increased by about 9% in
comparison to Specimen C-3C. The shear force, shear modulus, and shear strength in the

strength limit state of Fatigue 1 are all within the range of values found for Specimen C-



217

3C. In the yield limit state, the shear force decreased by about 3% and the shear modulus
decreased by about 16%. The greatest change occurred in the elastic shear stiffness of
Fatigue 1 because it decreased by about 34% percent in comparison to Specimen C-3C.
Tables 5.39 and 5.40 show that the fatigue tests of Specimen C-3C were
seismically compatible in terms of ICC-ES AC130. However, the fatigue test specimens
did not meet all of the conditions of Section 5.2.4 in ICC-ES AC130. Therefore, the

previously stated requirements in Section 5.6.4 of this report must be addressed.

Table 5.39: Specimen C-3C Fatigue 1 Results

Strength Limit State Yield Limit State
Minimum Maximum | Minimum | Maximum
Displacement + 4.97 5.49 4.45 4.89
(in.) - 4.76 6.67 4.35 5.37
Average 4.87 6.08 4.40 5.13
Shear Force + 19990 22989 16992 19540
(Ib) - 19593 27898 16654 23714
Average 19792 25444 16823 21627
Shear Modulus + 4020 4186 3816 3992
(Ibf/in.) - 4114 4181 3827 4418
Average 4067 4183 3822 4205
Ductility + 1.41 1.41
- 1.25 1.40
Average 1.33 1.41
Shear Strength + 2499 2874
(Ibf/tt) - 2449 3487
Average 2474 3180
Elastic Stiffness + 2663 2881
(Ibf/in.) - 2700 3137
Average 2681 3009
Seismic Compatibility Yes
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5.6.4.2 Specimen C-3C Fatigue 2

Specimen C-3C Fatigue 2 is Specimen C-3C placed under a third set of cyclic
loading. The specimen was analyzed in the same way as Specimen C-3C and C-3C
Fatigue 1. The ranges of values obtained by following ASTM E 2126-08 are shown in
Table 5.40.

Specimen C-3C Fatigue 2 is very similar to Fatigue 1. The displacement, shear
force, shear modulus, shear strength, and ductility of Fatigue 2 are all within 10% of

Fatigue 1. The elastic shear stiffness of Fatigue 2 decreased by about 12%.

Table 5.40: Specimen C-3C Fatigue 2 Results

Strength Limit State Yield Limit State
Minimum Maximum | Minimum | Maximum
Displacement + 5.35 6.82 4.88 5.65
(in.) - 4.84 5.20 4.48 4.78
Average 5.09 6.01 4.68 5.22
Shear Force + 19982 25779 16985 21912
(Ib) - 17975 20671 15278 17570
Average 18979 23225 16132 19741
Shear Modulus + 3736 3779 3482 3876
(Ibf/in.) - 3717 3979 3414 3675
Average 3726 3879 3448 3775
Ductility + 1.38 1.39
- 1.24 1.24
Average 1.31 1.32
Shear Strength + 2498 3222
(Ibf/tt) - 2247 2584
Average 2372 2903
Elastic Stiffness + 2459 2783
(Ibf/in.) - 2331 2471
Average 2395 2627
Seismic Compatibility Yes
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5.7 Summary

This chapter has shown the application of the methodology described in ICC-ES
AC130 and ASTM E2126 to determine seismic response parameters and the possible
equivalency of the SIP system to conventional wood-frame system. The results presented
are based on preliminary testing and follow-up testing is necessary to develop such
parameters for design purposes. The preceding sections demonstrate the potential effect
of hardware and spline design on the engineering values of a specimen. Specimens A3
and A4 were able to withstand the least amount of displacement and shear force before
they failed. According to ICC-ES AC130, Specimens A3 and A4 failed to meet the
requirements necessary to make them seismically compatible. The peak displacement of
Specimen A1 was slightly less than Specimen B which can be attributed to the difference
in spline designs. The double 2x4 spline in Specimen B slightly reduced the shear
modulus, shear strength, and elastic shear stiffness in comparison to the OSB spline in
Specimen Al. Specimen C had the highest shear force, shear modulus, shear strength,
and elastic shear stiffness. These values are based on a timber wall with sheathing on
both sides which is not consistent with actual construction methods. Table 5.41 is a
compilation of the previous tables presented in this chapter. Table 5.41 compares the
average characteristic values obtained by analyzing data from the cyclic tests performed
on each specimen. Specimens A3-2C(2), AlBearing-3C, and Allnternal-4C were not
included in their appropriate specimen averages because they were not an identical

replica of the original walls tested.
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Similar to Specimens Al, B and C the fatigue tests of these specimens were
deemed seismically compatible but did not meet the full criteria of Section in 5.2.4 in
ICC-ES AC130. Under fatigue loading the Specimens C had the least amount of loss in
shear force, shear modulus, shear strength, elastic shear stiffness, and ductility. The

following chapter will further review the fatigue data.

Table 5.41: Average Characteristic Values of Each Specimen

Specimens | Specimens | Specimens Al Specimens B Specimens C
A3 Ad Min | Max | Min | Max | Min | Max
Amax (in.) 3.13 3.48 5.05 5.30 5.18 5.51 4.40 5.89
Ayield (in.) 2.73 3.02 4.28 4.37 4.49 5.24 3.80 5.06
Fmax (Ib) 11413 16689 17998 | 18174 | 18277 | 18587 | 19978 | 23417
Fyield (Ib) 10844 14381 16958 | 17340 | 16509 | 19024 | 18230 | 22752
G’ (Ibf/in.) 3791 4893 3436 | 3569 | 3407 | 3544 | 3983 | 4570
G'yield 4041 4834 3989 | 3994 | 3731 | 3742 | 4483 | 4853
Ductility 1.36 1.34 1.36 1.73 1.26 1.41 1.33 1.53
Vpeak (Ibf/ft) 1427 2086 2250 | 2272 | 2285 | 2323 | 2497 | 2927
Ke (Ibf/in.) 4041 4369 3989 | 3994 | 3731 | 3742 | 4383 | 4568
Co::;l::?;?"tv No No Yes Yes Yes




Chapter 6

Parametric Analysis of Specimens

6.1 Introduction

The preceding chapters demonstrate the failure modes, load-displacement graphs
and characteristic values of four SIP specimen designs and one wood-frame wall design
tested. This chapter presents a direct comparison between each specimen in terms of
characteristic values, allowable drift, energy dissipation, loss of strength during fatigue
testing, and the structural insulated panel’s compatibility with a traditional wood-frame

wall.

6.2 Characteristic Values Based on ASTM E 2126-08

Parameters such as elastic stiffness, strength, and ductility are some of the factors
which govern the response a shear wall has under seismic loading. These deformational
characteristics are based on the wall’s load-displacement relationship under cyclic
loading. Figure 6.1 shows an example of the envelope curve and the values used to
determine the performance parameters of each specimen. The following section
compares the characteristic values of each specimen in order to determine the effects
hardware and design have on the seismic response of a structure.

This section contains charts comparing the average values of the parameters

obtained by analyzing the data from the cyclic tests performed on each specimen. For
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instance the average value of Specimens A4 is based on the results of testing Specimens
A4-1C, A4-2C, and A4-3C. Specimens A3-2C(2), AlBearing-3C, and Allnternal-4C
were not included in their appropriate specimen averages because they were not an
identical replica of the original walls tested. Refer to Appendix B for charts containing
parameter values for every single specimen tested, not simply the average of the

specimens tested under cyclic loading.

i peak

P vield

\c’n— Pu 20.8 Ppeak

Load (P)

1 0.4 P ot

== Envelope curve

—EEEP curve

A A A

yield peak 7

Displacement (A)
Figure 6.1: Performance parameters of specimen (ASTM E 2126-08, 2008)
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6.2.1 Peak Load and Displacement

Specimen C was able to withstand the greatest force and displacement before the
capacity of the wall began to decline. A larger peak load results in a larger load at the
yield limit strength. As a result, Specimen C performed elastically under a higher load
and displacement compared to other SIP specimens tested. Figures 6.2 and 6.3 show the
average peak load and displacement values for the specimens at the strength limit state.
The graphs show that Specimens A1l and B performed similarly. This shows that the
adjustment in spline design did not have a large effect on the load-displacement

relationship of the specimen.

Average of Peak Loads Experienced by Different Specimen Types
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Note: Min and Max indicated for some specimens represent lower and upperbound conditions when trend lines
fitted to load-dislpacement graphs were used to estimate the failure point

Figure 6.2: Average of peak loads experienced by different specimen types
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Average of Displacements Corresponding to Peak Loads Experienced by
DifferentSpecimen Types
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fitted to load-dislpacement graphswere used to estimate the failure point

Figure 6.3: Average of displacements corresponding to peak loads experienced by
different specimen types

6.2.2 Shear Modulus

According to the definition given by ASTM E 2126 (ASTM, 2008), the shear
modulus of a specimen is the secant shear stiffness at the peak load of a specimen
multiplied by the aspect ratio. In equation form, G’=(P/A)*(H/L). Figure 6.4 shows a
chart comparing the average shear modulus of each specimen. Specimen A4 had the
greatest shear modulus, it was about 13% greater than Specimen C and 23% greater than

Specimen A3. Specimens Al and B had the lowest shear modulus values.
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Average Shear Modulus of Different Specimen Types
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Figure 6.4: Average shear modulus of different specimen types

6.2.3 Ductility

Ductility is determined by dividing the ultimate displacement which is found at
the failure limit state, by the displacement found at the yield limit state, which is defined
as the point in the load-displacement relationship where there is a 5% or more drop in
elastic shear stiffness (ASTM, 2008). Refer to Figure 6.1. The value serves as a measure
of the performance of a specimen between its yield and failure points. A specimen with a
large ductility has the ability to yield and deform inelastically without experiencing a

significant loss of load resistance. However, the ductility property should be examined in
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conjunction with other characteristic values because a high ductility factor does not
directly mean that the specimen will perform well under seismic loading. Figure 6.5
shows a chart comparing the average ductility values of specimens tested under cyclic
loading.

Specimen Al had the highest ductility. This ductile behavior was evident during
the testing and subsequent failure of Specimen Al. The failure occurred when nails
along the spline, top plate and base plate pulled out. Rarely did the nails shear which
would have resulted in a brittle failure. As can be seen in the chart, Specimen C had the
next highest ductility followed by Specimen B that had slightly higher ductility values
compared to Specimens A3 and A4. This is due to the ductile nature of the nailed
fasteners which were used. Specimen A3 with staples and Specimen A4 with screws had
similar ductility values. The failure of Specimen A4 was sudden and brittle, which is

reflected in the ductility factor.
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Average Ductility of DifferentSpecimen Types

180 Almax

Cmax

1.60

e
558
EereTatutatte!

SR

A R ]

XX
L L R R R

b
G
505

X
<5
2525,

A3 Ad Almin

i
Lot
LS

140

0’0'

R R R AR AR KL
v

o
TS STyt

S
SIS

s
25
5%
2%
bt

o5
55

o

I IO IOICCICICH

MBS e e e

25
botetels

2%
S
Lo

5
s

L5
i

L5

SO L E SISO E eSS

4 D S S D
o

L R S
et

{
%
S5,

5058

1.20

<X

K

1.00

o

L

K S S S

Ductility
‘002.‘00

i

2
R S A S S e A RS S o]

S D S S S

55

<5

2

0"0""

250505

0§$§
23
3%}

B ottt e S Tl et !

o
L
£

0.80

I,

]

5

238

5

e
e

L IO

055
%
3
3
)
25585

2
o

S S IO

o
S
hete!
SN
Tt
=

Bveretes
2
o4

2%

!
!
(S0

%

252

LR
4

{5
b
o
15!
3
5
L5
25

0.60

S S S S 3 S S S S S

:0
X%
s
e
2

040

0.20

0.00

Specimen Type

Note: Min and Max indicated for some specimens represent lower and upperbound conditions when trend lines
fitted to load-dislpacement graphs were used to estimate the failure point

Figure 6.5: Average ductility of different specimen types

6.2.4 Shear Strength

The shear strength of a specimen is found by dividing the average of the absolute
values of the peak loads by the length of the wall. The shear strength value is the load
capacity of the wall per unit length. Figure 6.6 shows a chart comparing the average
shear strength of each specimen. Specimen C had the highest shear strength while
Specimen A3 had the lowest shear strength. Specimen A4 was slightly lower than

Specimens A1l and B, which had very similar shear strength values.
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Average Shear Strength of Different Specimen Types
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Figure 6.6: Average shear strength of different specimen types

6.2.5 Elastic Stiffness

Elastic stiffness is defined as follows in ASTM E 2126 (ASTM, 2008):

Ke=0.4Ppcai/Ac.  Ac 1s the displacement of the top edge of the wall at the corresponding

0.4Ppcak, as shown in Figure 6.1. K. is found for the negative and positive sides of the

envelope curve and the average of the absolute values of both sides are the final elastic

stiffness value. A chart comparing the average of each specimen’s elastic stiffness can be

found in Figure 6.7.
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Specimens C and A4 had very similar elastic stiffness values which was
unexpected. Screws were used to connect framing members to the SIPs for Specimen A4
which led to brittle and severe failures between 15,000 Ib and 16,000 Ib. Wood-frame
walls used for Specimen C had very gradual and ductile failures between loads of 20,000
Ib and 23,400 1b. The similar elastic stiffness values found for Specimens A4 and C
signify that both specimens will have reduced lateral drift during seismic loading which
would reduce nonstructural damage (Johnston et al., 2006).

Specimens A3 and Al had very similar elastic stiffness values which
demonstrates that the staples and nails perform similarly in terms of elastic stiffness.

Specimen B had the lowest elastic stiffness value.
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Figure 6.7: Average elastic stiffness of different specimen types

6.3 Allowable Drift Capacity

The allowable drift for service wind loading is found by using H/400. In this

case, H/400 = 8 {t/400 = 0.02 ft*12 in./ft = 0.24 in. The allowable seismic drift is 2.5%

of the height of the specimen, or 0.025*H = 0.025*8 ft = 0.20 {t*12 in./ft = 2.4 in. (ICC-

ES ACO04, 2005). Table 6.1 shows the load capacity of each specimen at the allowable

drift for service wind loading and the allowable seismic drift. It also lists the peak load

capacity and its corresponding drift.
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The SIP specimens tested under monotonic loading had higher load capacities at
both the allowable wind and seismic drifts than the specimens tested under cyclic
loading. For Specimens A3, A4, Al and B the load capacity at the allowable drift for
service wind loading ranged from 35% to 50% greater under monotonic loading than
cyclic loading. For example, in Table 6.1 the load capacity of Specimen A3-1M
(monotonic test) is 2632 Ib at a deflection of 0.24 in. while the load capacity of Specimen
A3-1C (cyclic test) is only 1464 Ib at the same deflection. At the allowable seismic drift
the load capacity under monotonic loading ranged from 9% to 34% greater than the SIP
specimens under cyclic loading. Once again, the load capacity of Specimen A3-1M at
2.4 in. is 10314 Ib while the load capacity of Specimen A3-1C is 9357 Ib. Specimen C,
the wood-frame shear wall, had larger load capacities at the allowable drifts under cyclic
loading than monotonic loading.

In terms of cyclic loading, the largest amount of load was needed to force
Specimen Allnternal-4C to a drift of 0.24 in. than any other specimen. Specimen
AlBearing-3C was high as well, within 10% of Specimen Allnternal-4C. Specimens
A3, A4, and C had load capacities ranging from about 1675 1b to 1575 1b, which were
27% to 31% less than Specimen Allnternal-4C. The largest amount of force was needed
to push Specimen AlBearing-3C to the allowable seismic drift of 2.4 in. out of all the

specimens. Specimen C and A4 needed about 20% less force than A1Bearing-3C.
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Table 6.1: Allowable Drift Capacity

Specimen | Capacity (Ib) at | Capacity (Ib) at Peak (Load (Ib), Drift (in.))
0.24 in. Drift 2.40 in. Drift
A3-1M 2632 10314 (12522, 3.64)
A3-1C 1464 9357 (11577, 3.15)
A3-2C 1886 9421 (11249, 3.11)
A3-2C(2) 1306 7060 (7921, 2.70)
Ad-1M 2723 16680 (18613, 3.10)
A4-1C 1705 10715 (16956, 3.65)
A4-2C 1266 11190 (16474, 3.28)
A4-3C 1951 11363 (16638, 3.51)
Al-1M 2667 12932 (17565 to 17631, 4.50 to 5.00)
A1-1C 1998 10058 (17730 to 18083, 4.92 to 5.42)
A1-2C 648 9856 (18265, 5.17)
AlBearing-3C 2060 13856 (19705, 4.20)
Alinternal-4C 2295 10196 (16604, 5.11)
B-1M 1756 10300 (17191, 5.15)
B-1C 1203 8579 (17410 to 17947, 5.15 to 5.65)
B-2C 1588 10200 (19702 to 19998, 4.99 to 5.24)
B-3C 641 9174 (17718 to 17816, 5.39 to 5.64)
C-1M 854 7310 (20354 to 25366, 7.00 to 9.50)
C-1C 2021 11431 (19980 to 22977, 4.61 to 5.79)
C-2C 1291 11332 (19958 to 2416, 4.21 to 6.14)
C-3C 1415 11073 (19995 to 23111, 4.38 t0 5.75)
6.4 Energy Dissipation

The energy dissipation of a specimen is determined by finding the area enclosed
by the hysteresis loops obtained from the load vs. displacement graph of a specimen
under cyclic loading. In this report, the trapezoid rule was used to determine the area
within the hysteresis loops. To perform well during an earthquake a structure must be

able to dissipate large amounts of energy. When a shear wall is within its elastic limit it
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will not dissipate any hysteretic energy. This is evident in Figures 6.8 through 6.12. The
energy dissipated in the early cycles is minimal compared to the large spikes found in the
later primary cycles. When a shear wall is pushed past its elastic limit, the energy is
dissipated through inelastic behavior or fracture of fasteners and other materials making
up the sheathing-to-framing connections. A minimal amount of energy is also dissipated
through the friction forces created by panel sheathing rubbing up against an adjacent
panel or framing members (Bredel, 2003). Figures 6.8, 6.9, 6.10, 6.11 and 6.12 show the
average energy dissipated per cycle and the average total (cumulative) energy dissipated
up to the current cycle of the specimens tested under cyclic loading. Similar to the
average values presented in the bar charts in Section 6.2, Specimens A3-2C(2),
AlBearing-3C, and Allnternal-4C were not included in their appropriate specimen
averages because they were not an identical replica of the original walls tested.

Specimens Al and C had the ability to dissipate the largest amount of energy
within 37 cycles while Specimens A4 dissipated the least amount of energy within the
same number of cycles. This is consistent with the strength and displacement capacities
of the specimens. Specimen A4 was able to withstand three more cycles of the CUREE
loading protocol than Specimen A3 and at the forty-first cycle Specimen A4 dissipated
24% more cumulative energy than Specimen A3.

Table 6.2 shows the cumulative energy dissipated at the allowable wind drift,
A=0.24 in., and the allowable seismic drift, A=2.4 in. The ratio between the cumulative
energy dissipated by the SIP specimen and the average cumulative energy dissipated of
Specimens C-1C, C-2C, and C-3C are also in Table 6.2. The ratio between the

cumulative energy dissipated at the allowable drift in relation to the total cumulative
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energy dissipated by the specimen at the completion of the cyclic loading is also shown
in the table. These values demonstrate the comparison between the wood-frame wall and
the structural insulated panel specimens at the allowable drifts. For instance, Specimens
A4-3C, A1-1C, and Allnternal dissipate greater amounts of energy at the allowable wind
drift than Specimens C. The ratio of energy dissipated at allowable wind drift and
allowable seismic drift to the total cumulative energy dissipated show that the shear walls

only dissipate a fraction of the total cumulative energy dissipated at the allowable drift

limits.
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Figure 6.8: Cumulative energy dissipated for Specimens A3
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Cumulative Energy Dissipated for Specimens A4
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Figure 6.9: Cumulative energy dissipated for Specimens A4
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Figure 6.10: Cumulative energy dissipated for Specimens A1l




236

Cumulatvie Energy Dissipated for Specimens B
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Figure 6.11: Cumulative energy dissipated for Specimens B
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Figure 6.12: Cumulative energy dissipated for Specimens C
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Table 6.2: Cumulative Energy Dissipated at Allowable Wind and Seismic Drift

A=0.24 A=2.4
Cum. Cull.
Specimen | Energy Sll;l{m:d_ Drift/Ult. | Energy SIl;mé)d- Drift/Ult.
@ Drift @ Drift

A3-1C 1091 0.33 0.00 63008 0.59 0.28
A3-2C 874 0.26 0.01 65897 0.62 0.46
A3-2C(2) 1175 0.35 0.01 64588 0.60 0.53
A4-1C 979 0.29 0.00 76760 0.72 0.35
A4-2C 1077 0.32 0.01 91412 0.86 0.49
A4-3C 3844 1.15 0.02 97999 0.92 0.48
Al-1C 3705 1.11 0.01 103826 0.97 0.39
Al1-2C 315 0.09 0.00 97487 0.91 0.35
AlBearing | 2352 0.71 0.01 79068 0.74 0.36
Allnternal 6944 2.08 0.03 99344 0.93 0.37
B-1C 2165 0.65 0.01 90495 0.85 0.34
B-2C 1580 0.47 0.01 102510 0.96 0.35
B-3C 202 0.06 0.00 93618 0.88 0.33
C-1C 2571 - 0.01 114145 - 0.37
C-2C 2266 - 0.01 103057 - 0.38
C-3C 5165 - 0.02 103466 - 0.42

Note: The SIP/Wood-frame column is the ratio of the cumulative energy at the drift of
the SIP specimen to that of the average cumulative energy of Specimens C-1C, C-2C and
C-3C at the same drift. The Drift/Ult. column is the ratio of the cumulative energy of the
specimen at the allowable drift specified to the total cumulative energy dissipated at the
completion of the cyclic testing.

6.5 Structural Insulated Panels’ Compatibility with a Wood-frame Shear Wall

The 2005 edition of ICC-ES AC04 contains an Appendix A, which provides a list
of criteria a structural insulated panel must meet in order to be used in Seismic Design
Categories D, E, and F of the 2003 International Building Code (IBC). If the SIP
specimens meet all of the criteria they are deemed equivalent to a light-framed wood-

based shear wall under cyclic loading. The appendix does not determine any seismic
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characteristics such as the response modification coefficient or the deflection
amplification factor though.

In this research, Specimen C is considered the benchmark, or the traditional
wood-frame wall to which the SIP specimens are compared. In order for a SIP specimen
to be deemed equivalent to Specimen C, the backbone curve and cumulative energy
dissipated must meet the requirements stated in Section A.3.0 of Appendix A. First, the
peak load strength of the SIP specimen cannot be less than 90% of that of the benchmark.
Next, the stiffness of the SIP specimen cannot be less than 85% of the benchmark.
Stiffness is the slope of the backbone curve between the point of origin and the point
where the load is one-third the peak strength load. The load capacity of the SIP specimen
at the allowable story drift under seismic loading (A,=2.4 in.) cannot be less than 85% of
that for the wood-frame wall. Table 6.3 shows that Specimens Al and A1Bearing-3C are
the only designs that met all of the backbone curve requirements. In accordance with
Section A.3.2 of Appendix A, the cumulative energy dissipated of Specimens Al and
AlBearing-3C were then compared to Specimens C. Figure 6.13 shows the cumulative
energy dissipated by Specimens C, Al, and AlBearing-3C within 37 cycles. The figure
shows that the cumulative energy dissipated by Specimen AlBearing-3C is less than 85%
of the cumulative energy dissipated by Specimens C. Specimens Al, on the other hand,
were within 85% of Specimens C. Therefore, according to Appendix A of ICC-ES AC04
(2005), Specimens A1l should be permitted to be used as shear walls in buildings located

in Seismic Design Categories A through F.
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Table 6.3: Backbone Curve Comparison Between SIP Specimens and Specimens C

Performance
Requirement

Section

Specimens

Peak strength
load within 90%

A3.1.1

Stiffness within
85%

A312

Load at
Aall=2.4 in.
within 85%

A3.13

Note: The cells with the dark colored filling and the ¥ mean the specimen met the criteria
while the light colored filling and X mean the specimen did not meet the criteria
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Figure 6.13: Comparison of cumulative energy dissipated
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6.6 Loss of Strength in Fatigue Testing

Specimens Al, B and C were placed under fatigue testing in order to determine
their ability to withstand repeated cyclic loading. In this research the word “fatigue”
refers to loading the specimens under the first thirty-seven cycles of the CUREE loading
protocol after it has already been loaded to the facility capacity. The specimens were not
repaired in any way in between each fatigue test. Table 6.4 shows the percentage change
in the specimens in the strength limit state, defined as the maximum absolute load and
corresponding maximum absolute displacement point on the envelope curve. The
specimens were fatigued up to three times. Table 6.5 shows the percentage change of the
specimens at the yield limit state, defined as the point where there is a 5% or more drop
in elastic shear stiffness in the load-displacement relationship. Each column, Fatigue 1,
Fatigue 2, and Fatigue 3 of Tables 6.4 and 6.5, represents the percentage change in
characteristic values of the specimen at the current (given fatigue) loading in comparison
to the previous (original or fatigue) loading. For instance, the values found after Fatigue
1 were compared to those found after the original cyclic loading. The values in the
Fatigue 2 column are a comparison between Fatigue 2 and Fatigue 1, and the values in
the Fatigue 3 column are a comparison between Fatigue 3 and Fatigue 2. Specimens Al
were the only walls fatigued a total of three times.

On average, Specimen C had the least amount of loss or change after the first
fatigue loading. The shear strength did not change at all and the shear modulus and
ductility had less than a 10% decrease in value. If Specimen C experienced a seismic

event there is a good chance that without repair it would be able to withstand a second
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seismic event with the same amount of strength and ductility as the first time. The
Fatigue 2 test did not have as much of an impact on the specimens as the Fatigue 1 test.
Specimen A1 had the least amount of change after Fatigue 2 in comparison to Specimens
C and B. Unlike Specimen B, which completely failed after the second fatigue,
Specimen Al was able to withstand a third fatigue test. Specimen C would have been
able to withstand a third fatigue test but because there was such minimal change between
the first two fatigues and the original cyclic loading it was assumed that third fatigue

would produce similar results.

Table 6.4: Average Percentage Loss (-) or Gain (+) in Characteristic Values at Strength
Limit State After Fatigue Tests of Specimens

Fatigue 1 Fatigue 2 Fatigue 3
Specimens C Al B C Al B* Al
Displacement | +13 +3 +10 0 -2 +3 +1
Shear Force 0 -18 -12 -9 -5 -4 -12
Shear -7 -23 -19 -10 -4 -8 -13
Modulus
Shear 0 -17 -13 -9 -3 -4 -4
Strength
Elastic Shear -40 -53 -46 -15 -9 -10 -13
Stiffness
Ductility -2 -8 -3 -2 +1 0 -7

*Specimen B-2C failed before a second fatigue test so the values in this column are not
an average, they are the loss or gain experienced only by Specimen B-3C after Fatigue 2
test
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Table 6.5: Average Percentage Loss (-) or Gain (+) in Characteristic Values at Yield
Limit State After Fatigue Tests of Specimens

Fatigue 1 Fatigue 2 Fatigue 3
Specimens C Al B C Al B* Al
Displacement +9 +11 +3 +5 -3 +5 +1
Shear Force -9 -28 -21 -9 -5 -4 -12
Shear
Modulus -20 -36 -24 -12 -5 -9 -13

*Specimen B-2C failed before a second fatigue test so the values in this column are not

an average, they are the loss or gain experienced only by Specimen B-3C after Fatigue 2
test
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6.7 Comparison of Results with Previous Studies

Similar to studies performed by Carradine et. al (2004), Jamison (1997), Kermani
and Hairstans (2006), Lebeda et al. (2005), Toothman (2003), and Bredel (2003) the
performance of the SIP and wood-frame specimens was controlled by the fastener-slip
behavior of the sheathing-to-framing connection. As previously stated in Chapter 2, a
technical bulletin created by R-Control, SIP No. 2067 (2008) and Jamison’s research
(1997) were the only published research available which tested SIP specimens under
cyclic loading. In SIP No. 2067, an 8 ft x 8 ft x 4.5 in. SIP wall with 8d cooler nails
spaced at 2 in. o.c. was cyclically loaded according to the SPD protocol. The specimen
had a peak load capacity of about 25600 Ib and a corresponding displacement of 1.6 in.
Compared to the average peak load of Specimens Al (SIP with OSB surface spline and
8d common nails) in this study, 17998 Ib to 18174 Ib and the average displacement of
5.05 in. to 5.30 in., the R-Control specimen had a larger load and smaller displacement at
the strength limit state. The difference in load capacity is due to the reduced spacing of
the fasteners and the SPD loading protocol which was used when testing the R-Control
specimen. According to Gatto and Uang (2003), the SPD loading protocol reduces the
ultimate strength by 25% and the deformation capacity by 47% in comparison to the
CUREE loading protocol.

In Jamison’s research, an 8 ft x 8 ft x 4.5 in. SIP wall attached with drywall
screws spaced at 6 in. o.c. and adhesive was tested using the SPD cyclic loading protocol.
At the initial loading, Jamison’s specimen had a peak load capacity of 6650 b at a drift of

0.52 in. Specimen A4 (SIP with OSB surface spline and 1.25 in. long screws) in this
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study had a peak load of 16689 1b at a drift of 3.48 in. The load and displacement are

larger than Jamison’s specimen which can be due to the fastener hardware used, loading
protocol (Gatto and Uang, 2003), and the use of adhesives (Filiatrault and Foschi, 1991).
Table 6.6 shows previous studies performed on wood-frame walls under cyclic
loading in comparison to Specimen C (wood-frame wall with 8d common nails) from this
study. In Bredel’s (2003) research an 8 ft x 8 ft wood-frame wall with 8d nails spaced at
6 in. o.c. along the edge and 12 in. o.c. along the studs was tested under the CUREE
loading protocol. The peak load capacity was reached at 2500 Ib and a displacement of
1.2 in. Gatto and Uang’s (2003) research involved an 8 ft x 8 ft wood wall with 8d box
nails spaced at 4 in. o.c. along the edge and 12 in. o.c. along the interior. The CUREE
loading protocol was also used to cyclically load the specimen to a peak load capacity of
8900 1b at a drift of 4.88 in. An 8 ft x 8 ft wood-frame wall attached with 16 gauge
staples at 2 in. o.c. was loaded according to the SPD loading protocol in Talbot et al.’s
(2009) paper. The specimen reached a peak load of 10200 Ib at a displacement of 1.5 in.
As a means for comparison, Table 6.6 provides the load experienced by Specimen C at
the peak load displacement of the previous published studies. The differences in load can
be attributed to the differences in shear wall design and loading protocol used among the
various specimens. For instance, the SPD loading protocol used on Talbot et al.’s
specimen has a 25% reduction in ultimate strength and a 47% reduction in deformation
capacity in comparison to the CUREE loading protocol (Gatto and Uang, 2003).
Bredel’s specimen did not have hold-down anchors which have the ability to increase the
ultimate load and corresponding displacement of a shear wall by 50% (Bredel, 2003;

Johnston et al., 2006). According to SEAOC (2000), the box nails used in Gatto and
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Uang’s study can reduce the allowable load of a shear wall by 22% in comparison to
common nails. Box nails also allow shear walls to drift more than common nails. Unlike
Specimen C, all of the studies reported in Table 6.6 only had OSB sheathing on one side

of their specimen. A wood-frame wall sheathed on both sides has a 50% higher load

failure than those sheathed on one side only (Patton-Mallory et al., 1984).

Table 6.6: Comparison Between Specimen C and Previous Studies

Research Bredel, Gatto and Talbot et al., Specimen C
2003 Uang, 2003 2009
Loading Protocol CUREE CUREE SPD CUREE
Fastener Type SENCO 8d | 8d boxnail | 16 gauge, 1’2 | 8d common
nail in. long staple nail
Fastener Spacing 67edge/12” | 4” edge/12” 2” o.c. 6” edge/12”
int. int. int.
Hold-down No Yes Yes Yes
Sheathing Single-sided | Single-sided | Single-sided | Double-sided
Research Values | Fmax (Ib) 2500 8900 10200 19978 to
23417
Amax (in.) 1.2 4.88 1.5 4.40 to 5.89
Specimen C Fmax (Ib) 4843 21353 6090
capacity at Amax | Amax (in.) i) 4.88 1.5
obtained by other
tests

6.8 Industry Requirements

In terms of seismic performance the specimens tested in this study have been
analyzed according to ICC-ES AC130 (2007), ICC-ES AC04 (2005), and ASTM E 2126-
08 (2008). The “General Overview of NTA Structural Insulated Panel Qualification and

Quality Assessment Procedures” supplied by NTA, Inc. defines the seismic factors of a
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SIP panel as: Response Modification Factor, R=2.0; System Overstrength Factor
Q,=2.5; Deflection Amplification Factor, Cd=2.0. The requirements stated in NTA IM
14 TSK 10.0 (2009) must be met in order for a SIP specimen to have higher seismic
factors.

NTA IM 14 TSK 10.0 (2009) is similar to Appendix A of ICC-ES AC04 (2005)
in that the performance of a SIP specimen under cyclic loading is compared to the
performance of a conventional wood-frame wall. If a SIP panel meets the performance
requirements stated in NTA IM 14 TSK 10.0 it should be deemed equivalent to System
Al13 in ASCE 7 Table 12.2-1. In other words, R=6.5, Q,=3, and Cd=4. These are the
same seismic factors applied in ICC-ES AC130 (2007). The difference between ICC-ES
AC130 and NTA AM 14 TIP 10.0 is that the Allowable Stress Design (ASD) load used in
the equivalency analysis is based on IBC Table 2306.4.1 or a code research report instead
of Section 5.1.3 of ICC-ES AC130.

To meet the first performance requirement of Section 7 in the NTA IM 14 TIP
10.0, the peak strength load of the SIP panel cannot be less than 90% of that of the wood-
frame shear wall (Specimen C). Next, the displacement at the ASD design load, P=2240
Ib (ICC, 2006), for the SIP panel cannot be less than 85% of that of the benchmark
(Specimen C). The ultimate displacement (Ay) shall not be less than 85% of the
benchmark specimen. The ratio of the ultimate displacement to the ASD design load
displacement shall not be less than 85% of that of the benchmark specimen. The load at
the maximum allowable story drift (A,;=2.4) cannot be less than 85% of that of Specimen
C. The final requirement states that the cumulative energy dissipated by the SIP

specimen cannot be less than 85% of that for Specimen C.



247

Table 6.7 shows the values which were compared between the SIP specimen and
the benchmark wood-frame specimen. The Py values for both wall types were peak
loads obtained before the cyclic testing was stopped due to the displacement or load
capacity of the testing facility. In order to be conservative, the Ay values were the
minimum ultimate displacements obtained by examining the trend lines used to predict
the failure of the specimens. By examining Table 6.7 it is evident that the peak strength
of Specimen Al is exactly 90% of the peak strength of Specimen C. The Ppea/Pasp of
Specimen C is greater than the ratio of Specimen Al. The displacement of the ASD
design load of Specimen Al is 30% greater than that of Specimen C, while the ultimate
displacement of Specimen Al is 16% greater than that of Specimen C. The ratio of the
ultimate displacement to the ASD displacement of the SIP specimen is within 94% of that
of the wood-frame specimen. As stated in Section 6.5 of this report, the load at the
allowable story drift of 2.4 in. and the cumulative energy dissipated for Specimen Al are
not less than 85% of those of Specimen C.

According to NTA IM 14 TIP 10.0, Specimen Al is deemed equivalent to a
wood-frame wall under cyclic loading. As a result, the SIP specimen should have the
following seismic factors: Response Modification Factor, R=6.5; System Overstrength

Factor Q,=3.0; Deflection Amplification Factor, Cd=4.0.
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Table 6.7: Data to Meet Performance Requirements of NTA, Inc.

Specimen Ppeak Pyear/Pasp Ay Aasp Au/Assp
C-1C 19980 8.92 5.09 0.28 18.18
C-2C 19959 8.91 4.83 0.53 9.11
C-3C 19995 8.93 5.0 0.40 12.5

Average C 19978 8.92 4.97 0.40 13.26

Al-1C 17730 7.92 5.54 0.32 17.31
A1-2C 18265 8.15 6.23 0.82 7.60
Average Al 17998 8.03 5.89 0.57 12.46

6.9 Summary

A total of twenty-one walls were tested under monotonic and cyclic loading.

Characteristic values such as shear modulus and shear strength were found for each wall,

as well as the allowable drift capacity, the amount of energy dissipated during cyclic

loading, the SIP panel walls’ equivalency to the wood-frame wall, and the behavior of the

specimens under fatigue loading.

This chapter presented the information for each

specimen in a manner which allows the information to be compared easily. From the

figures and charts located in this chapter, the following summary statements can be

drawn:

e The spline design, whether the SIP specimens were connected with OSB surface

splines or (2) 2x4 splines, did not have a significant effect on the load-

displacement relationship of the specimen.

e Fastener hardware had a significant effect on the specimen’s load-displacement

relationship.
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Specimen A4, the SIP wall that used screws to connect the sheathing to the
framing members, had the highest shear modulus out of all the specimens tested.
The specimens tested under monotonic loading showed a higher load capacity
corresponding to both the allowable seismic and wind drift compared to the
specimens tested under cyclic loading.

Under cyclic loading, Specimen Allnternal-4C showed the largest force capacity
corresponding to the allowable wind drift load of 0.24 in. Specimen AlBearing-
3C showed the largest load capacity corresponding to the allowable seismic drift
of 2.4 in. The required load capacity for Specimens C and A4 were only about
20% less than Specimen A1Bearing-3C.

Specimens C and A1 had the ability to dissipate the largest amount of energy.
According to ICC-ES AC04 Appendix A (2005), the SIP Specimen Al was
deemed equivalent to the wood-frame Specimen C. This should allow Specimen
Al to be used in Seismic Design Categories A through F.

According to NTA IM 14 TIP 10.0 (2009), the SIP Specimen Al was deemed
equivalent to the wood-frame Specimen C. Specimen Al should have the
following seismic factors: Response Modification Factor, R=6.5; System
Overstrength Factor ,=3.0; Deflection Amplification Factor, Cd=4.0.

Specimen C was able to retain the largest strength after Fatigue 1 test in
comparison to Specimens Al and B. Specimen A1l had the smallest decrease in

strength after Fatigue 2 test.
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¢ During fatigue loading of Specimens C, Al and B the largest drop occurred in the
elastic shear stiffness. The specimens had an average loss of 40% to 53% after

Fatigue 1 test and a 9% to 15% loss after Fatigue 2 test.



Chapter 7

Summary, Conclusions, and Limitations

7.1 Summary

A total of twenty-one 8 ft x 8 ft shear walls were tested in this study. The
structural insulated panels tested were 8 ft x 8 ft x 4.5 in. and provided by Timberline
Panel Company LLC. Parameters such as spline design, fastener hardware, hold-down
anchor location, and sheathing bearing were varied in order to determine their effect on
shear wall performance. A traditional wood-frame shear wall was built out of Spruce
Pine Fir, No. 2 or better grade and 4 ft x 8 ft x 7/16 in. OSB sheathing arranged vertically
on both sides of the wall. The specimens were loaded monotonically in accordance with
ASTM E 564-06 and cyclically following the CUREE protocol and ASTM E 2126-08.
Performance characteristics such as elastic shear stiffness, energy dissipation, allowable

drift load capacity and seismic compatibility were compared.

7.2 Conclusions

The information presented in this report provides much needed information about
the effect parameters and loading have on a structural insulated panel’s performance.
The comparison between the SIP specimens and wood-frame specimens will aid the SIP

industry in receiving code approval for SIPs in high seismic locations. The information
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comparing fastener hardware will be helpful to small SIP manufacturers with limited
resources for extensive testing.
The following conclusions can be drawn from this research:

e The fastener hardware was the mode of failure for all of the walls. Specimens
A3, A4, Al, and C experienced fastener to sheathing failure. The staples in
Specimen A3 withdrew and sheared, the screws in Specimen A4 sheared, and the
nails used in Specimens Al and C withdrew. The nailed specimens also
experienced sheathing tear-out.

e Specimen B failed when the (2) 2x4 spline separated allowing the SIP panels to
rotate independently of each other. This is not a typical failure method of SIP
specimens. Additional 16d common nails at a reduced spacing would allow
Specimen B to fail at its peak capacity.

e The top plate was consistently a point of failure for the SIP specimens.
Strengthening the connection between the top plate and sheathing or top plate and
end posts with additional fasteners at reduced spacing would increase the capacity
of the specimens.

e The SIP and wood specimens in this test had significantly higher load and
displacement capacities than reported by previous published research. This may
be due to the strength of the USP PHD 6 hold-down anchors used, the structural
grade OSB sheathing which Timberline Panel Company LLC uses on their SIPs,
or the test facility.

e Specimens built with the common nails were able to withstand a larger load and

displacement capacity than those built with staples and screws. The nailed walls
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had an average peak load range of 17998 to 18174 which is about 37% higher

than the stapled walls. At the peak load, the average displacement of the nailed
walls ranged from 5.05 in. to 5.30 in. which is about 31% higher than the screwed
walls and 38% higher than the stapled walls.

Specimen A4, the walls with screw fasteners, had sudden and brittle failures.

The spline type did not have a significant effect on the performance of the SIP
specimens. The load, displacement and ductility of Specimen Al (OSB surface
spline) and Specimen B (double 2x4 spline) were within 10% of each other.
Sheathing bearing of Specimen A1Bearing-3C had a moderate effect on the peak
load and peak displacement of the specimen. The peak load was 8% higher than
the average peak load of Specimens Al-1C and A1-2C, and the corresponding
displacement was 17% less than the average of Specimens Al. The greatest
difference occurred in the elastic shear stiffness, Specimen AlBearing-3C was
29% higher than the average of Specimens A1-1C and A1-2C. The sheathing
bearing also caused more extensive damage to the panels during cyclic loading
than Specimens A1-1C, A1-2C, and Allnternal-4C.

Ductility and elastic shear stiffness increased by about 13% when the hold-down
anchors were placed on the interior of the SIP specimen.

Monotonic loading produced non-conservative results in comparison to cyclic
loading. The allowable peak load capacities at a drift of 0.24 in. corresponding to
the allowable drift limit under wind loading (IBC 2007) for the specimens were

an average 35% to 50% larger under static loading than cyclic loading.
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Out of all the specimens, Specimen A lInternal-4C required the greatest amount of
force, 2295 1b, to push the wall to an allowable wind drift of 0.24 in. (IBC 2007).
Specimen AlBearing-3C required a force about 10% less while Specimens A3,
A4, and C needed forces 27% to 31% less than Specimen Allnternal-4C. The
internal placement of the hold-down anchors had an effect on the drift because the
load required to deflect Specimen A1 to the same allowable wind drift was about
42% less.
Sheathing bearing caused Specimen A1Bearing-3C to require the most amount of
load to displace the specimen an allowable seismic drift of 2.4 in. Specimens C
and A4 were within 20% while Specimens A1 and A3 were about 30% less.
As long as the framing members are not damaged, a SIP specimen can be repaired
(re-nailing, etc) after experiencing seismic loading and expect to have a minimal
loss in strength.
The ductile nature of 8d common nails allowed Specimens C and Al to dissipate
the greatest amount of energy in comparison to the screwed and stapled
specimens.
According to ICC-ES AC130 (2007), Specimens Al, AlBearing-3C, Allnternal -
4C, B, and C can be used within a seismic force resisting system and be
characterized with the following seismic values:

0 Response Modification Coefficient: R=6.5

0 System Overstrength Factor: Q,=3

0 Deflection Amplification Factor: C4=4
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According to ICC-ES AC04 Appendix A (2005), the SIP Specimen Al is deemed

equivalent to the wood-frame shear wall Specimen C and should be allowed to be
used in Seismic Design Categories A through F.

According to NTA IM 14 TIP 10.0 (2009), the SIP Specimen Al was deemed
equivalent to the wood-frame Specimen C. Specimen Al should have the
following seismic factors: Response Modification Factor, R=6.5; System
Overstrength Factor Q,=3.0; Deflection Amplification Factor, Cd=4.0. Specimen
Al was composed of two 4.5 in. thick 4 ft x 8 ft SIPs arranged vertically and
connected along the 8 ft side with two 7/16 in. thick 3 in. x 7 ft 9 in. sheets of
OSB. The end posts consisted of (2)2x4 Spruce Pine Fir No. 2 grade or better, the
top and base plate were single 2x4 SPF No. 2 or better. The wood-frame and
OSB surface spline were attached to the sheathing of the SIP with Grip Rite 8d
common nails spaced at 6 in. o.c.

Specimen C was able to retain the greatest amount of strength after Fatigue 1 test
in comparison to Specimens Al and B. Specimen Al had the smallest decrease in
strength after Fatigue 2 test.

During fatigue loading of Specimens C, Al and B the largest drop occurred in the
elastic shear stiffness. The specimens had an average loss of 40% to 53% after
Fatigue 1 test and a 9% to 15% loss after Fatigue 2 test.

Out of the various SIP designs, Specimen Al the wall with the OSB surface
spline and nails, proved to be the most effective design in terms of load capacity,

ductility, resistance under fatigue loading and seismic compatibility.
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7.3 Limitations

This research should be seen as preliminary testing which can be used to provide
a better understanding of the performance of structural insulated panels with varying
parameters under monotonic and cyclic loading. Each specimen was tested once under
monotonic loading and the minimal amount of cyclic tests according to the ASTM
standards. To provide a more thorough investigation additional monotonic and cyclic
testing should be performed. The specimens in this study were much stronger than
previously published research. A testing facility with a load capacity of preferably
30,000 1b and a drift capacity of 10 in. should be able to bring the specimens to their
ultimate failure in future testing.

ASTM 2126-08 which was followed in this study, limits the amount of axial
loading applied to the specimens under lateral loading. Future testing should place the
SIPs under biaxial loading in order to mimic actual field conditions. If the gravity
loading does not have an effect on the performance of a SIP or the SIP performs similarly
to a wood-frame wall under biaxial loading the SIP industry will be another step closer to

adjusting ICC-ES ACO04 (2007).
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Appendix A

ASTM E 2126-08 and ICC-ES AC130 Calculations

A.1 Calculations for Specimen A3-2C

ASTM E 2126-08

9.1.1 Shear Strength

(+)  Vpeak =10259 Ib/8 ft = 1282 1b/ft
(-) = 12238 Ib/8 ft = 1530 Ib/ft
9.1.2 Secant Shear Modulus
(+) G’ at Ppeak =10259 1b/2.47 in. = 4154 Ib/in.
-) = 12238 1b/3.75 in. = 3262 1b/in.
(average) = 3708 Ib/in.
(+) G’ at 0.4Ppeak= 4104 1b/0.94 in. = 4377 1b/in.
(-) =4895 1b/1.27 in. = 3846 1b/in.
(average) = 4112 Ib/in.

9.1.3 Cyclic Ductility Ratio and EEEP Curve

()
)

G’ at Ppeak < G’ at 0.4Ppeak

D

3.60 in./2.25 1n.

1.60

3.94 in./2.94 in. = 1.34

— > Generate EEEP Curve

9.1.4 Generating an EEEP Curve and determining vield limit state

)

Pu

0.8*10259 1b

8207 1b
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Q) = 0.8*12238 b = 9791 Ib

(+) Au = 3.60 in. (from graph)

) = 3.94 in. (from graph)

(+) Ke = 4104 1b/ 0.94 in. = 4377 1b/in.
) = 4895 1b/1.27 in. = 3846 Ib/in.
(+) Area Under Backbone Curve = 24367 Ib*in.
Q) = 27984 Ib*in.

(+)  Au*=3.60"=12.94 in’ > 2A/Ke = 2(24367)/4377 = 11.13 in®

— & Pyield=(3.60 —sqrt( 12.94 — 11.13 )*4377 = 9862 Ib
Ayield = 9862 1b/ 4377 b/in. = 2.25 in.
()  Au*=3.94’=15561n" > 2A/Ke = 2(27984)/3846 = 14.55 in
——» Pyield=(3.94 —sqrt( 15.56 — 14.55)*3846 =  113121b
Ayield = 11312 1b/ 3846 Ib/in. = 2.94 in.

ICCES AC130

5.1.3.1 Allowable Stress Design

5.1.3.1.1 Drift Limit (Seismic)

a) 0x = min(Aa=2.40 in. or Apeak = 3.11 in.)—>06x = 2.40 in.

b) oxe = (0x*I)/Cd =2.40 in.*(1.0)/4 = 0.60 in.

C) P at 6xe = 3000 Ib (average of positive and negative P values from graph)
d) Pasp = 0.7*(3000 Ib) =21001b

e) Aasp = 0.29 in. (average of positive and negative delta values from

graph)
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5.1.3.1.2 Drift Limit (Wind)

A 8 11/180 = 0.53 in.
0.53 in. > 0.29 in.— No need to continue with calculations

5.1.3.1.3 Strength Limit (Wind and Seismic)

(+) AatPu/25 = 8207 1b/2.5 =3283 Ib
(-) =97911b/2.5 =39161b
P at Strength Limit > P at Drift Limit —— No need to continue with calculations

Allowable Stress Design

PASD = 2100 lb
AASD =0.29 in.

5.2 Seismic Design Compatibility

9]
N
[\

Au/Apsp =3.771n./0.29 in. = 1299 >11 — > Good!

N
N
(O8]

Au=3.771in. >0.028%(8 ft *12) =2.688 in. — > Good!

9]
[\
I

Ppeak/Pasp = 11249 1b/2100 1b =536 >25 ———» Good!
>5 @ — > No Good!

— > Meets Seismic Specifications*

*In order to be considered compliant the evaluation report for the panel must include “a
requirement that collectors and their connections, bearing and anchorage of the panel, and

the lateral load path to the panel are designed in accordance with the special load
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combinations of Section 12.4.3 of ASCE 7, using Em where Em is calculated using the

test panel overstrength.” (ICC-ES AC130, 2007)

A.2 Calculations for Specimen A3-2C(2)

ASTM E 2126-08

9.1.1 Shear Strength

(+) Vpeak =7777 Ib/8 ft
) = 8065 1b/8 ft

9.1.2 Secant Shear Modulus

(+) G’ at Ppeak =7777 1b/2.75 in.
¢) = 8065 1b/2.65 in.
(average)

(+) G’ at 0.4Ppeak= 3111 1b/0.85 in.
) = 3226 1b/.98 in.
(average)

9.1.3 Cyclic Ductility Ratio and EEEP Curve

(+) D

Q)

3.75 in./1.86 in.

3.01 in./2.16 1n.

972 1b/ft

1008 Ib/ft

2824 1b/in.

3040 Ib/in.

2932 1b/in.

3669 Ib/in.

3276 1b/in.

3473 1b/in.

2.01

1.39

G’ at Ppeak <G’ at 0.4Ppeak =~ — Generate EEEP Curve

9.1.4 Generating an EEEP Curve and determining vield limit state

(+) Pu = 0.8*%7777 Ib

6222 b
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) - 0.8*8065 Ib = 6452 1b
(+) Au = 3.75 in. (from graph)
) = 3.01 in. (from graph)
(+) Ke = 3111 1b/0.85 in.. = 3669 Ib/in.
) = 3226 1b/.98 in. = 3276 Ib/in.
(+) Area Under Backbone Curve = 19241 Ib*in.
) = 13639 Ib*in.
(+)  Au*=3.75=14.03 in’ > 2A/Ke =2(19241)/3669 = 10.49 in®
— & Pyield=(3.75 —sqrt( 14.03 — 10.49 )*3669 = 6836 Ib
Ayield = 6836 1b/ 3669 Ib/in. = 1.86 in.
()  Au*=3.01°=9.05in’> 2A/Ke =2(13639)/3276 = 8.33 in’
——» Pyield=(3.01 —sqrt( 9.05—-8.33)*3276 =  70751b
Ayield = 7075 1b/ 3276 Ib/in. = 2.16 in.
ICC ES ACI130

5.1.3.1 Allowable Stress Design

5.1.3.1.1 Drift Limit (Seismic)

a)
b)
©)
d)
e)

graph)

0x = min(Aa = 2.40 in. or Apeak = 2.70 in.)—»06x = 2.40 in.

oxe = (6x*I)/Cd = 2.40 in.*(1.0)/4 = 0.60 in.

P at 6xe = 2162 1b (average of positive and negative P values from graph)
Pasp = 0.7*(2162 1b) =15131b

Aasp = 0.37 in. (average of positive and negative delta values from
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5.1.3.1.2 Drift Limit (Wind)

A 8 11/180 = 0.53 in.
0.53 in. > 0.29 in.— No need to continue with calculations

5.1.3.1.3 Strength Limit (Wind and Seismic)

(+) AatPu/25 =62221b/2.5 =2489 1b
(-) =064521b/2.5 =25811b
P at Strength Limit > P at Drift Limit —— No need to continue with calculations

Allowable Stress Design

PASD: 1513 lb
AASD =0.37 in.

5.2 Seismic Design Compatibility

5.2.2
Aw/Apsp =3.381n./0.371n.=9.19 <11 — No Good!
523
Au=3.381in. >0.028%(8 ft *12) =2.688 in. —— > Good!
524
Ppeak/Pasp = 7921 1b/1513 1b =523 >25 —— Good!
>5 —> No Good!

— > Does Not Meet Seismic Specifications




Appendix B

Parametric Analysis of Specimens

In Chapter 6 the average characteristic values of the specimen types according to
ASTM E 2126-08 were presented. The following bar charts include the values for every
single specimen tested under both monotonic and cyclic testing. These charts also
include Specimens A3-2C(2), AlBearing-3C, and Allnternal-4C which were not
included in the averages of the specimens presented in Chapter 6. Figures 2.1 through

2.6 also show the effect cyclic versus monotonic loading have on a specimen.
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Displacement Corresponding to Peak Load of Specimens
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Note: Min and Max indicated for some specimens represent lower and upperbound conditions when trend lines
fitted to load-dislpacement graphs were used to estimate the failure point

Figure B.1: Displacement corresponding to peak load of specimens




275

Peak Load Experienced by Specimens
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fitted to load-dislpacement graphs were used to estimate the failure point

Figure B.2: Peak load experienced by specimens
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Shear Modulus of Specimens
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Figure B.3: Shear modulus of specimens
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Ductility of Specimens
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Figure B.4: Ductility of specimens
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Figure B.5: Shear strength of specimens
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Figure B.6: Elastic stiffness of specimens






