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Abstract

A Composite Plate Shear Wall/Concrete Filled (C-PSW/CF) is a special lateral-force resisting system
consisting a sandwiched panel of two steel plates with concrete infill in between them, ideally suited for
core-wall structures in high-rise construction. The steel plates are connected to each other using tie bars
that are embedded in the concrete infill and, in some instances, steel-headed stud anchors. This research
project was conducted to investigate the cyclic lateral load behavior of these walls, in terms of strength, and
drift capacity. Findings from this project are provided in a series of report. The current report presents
findings from the testing of two large-scale C-shaped concrete filled composite plate shear core walls
subjected to flexure and axial loads together. Their dimensions were the same, but different axial loads
were applied, up to 19% of axial loading capacity. Moreover, one of the walls was repaired and retested.
The composite behavior and the plastic hinge development were investigated and compared to results from
plastic moment calculations. This provides valuable results on the expected behavior of one composite
cross-section that is frequently used in full core wall. This is done to support the development of design
guidelines for high-rise core-wall steel buildings having C-PSW/CF as the primary lateral force resisting

system.

il



SECTION 1
INTRODUCTION

1.1 Objective and Scope of Work

This document presents findings from experiments conducted on C-shaped Concrete Filled Composite Plate
Shear Walls (C-PSW/CF) specimens subjected to axial force and flexure, together with information on
design of the corresponding test set-up. A Composite Plate Shear Wall/Concrete Filled (C-PSW/CF) is a
special lateral-force resisting system consisting of a sandwiched panel of two steel plates with concrete
infill in between them. The steel plates are connected to each other using tie bars that are embedded in the
concrete infill, as shown in Figure 1-1. In some instances, steel-headed stud anchors are used together with
the tie bars. C-PSW/CF is a lateral load resisting system ideally suited for core-wall structures in high-rise

construction (as well as for other shear wall applications).

Concrete

Tie Bars

Steel Plates

Figure 1-1. The main components of C-shaped Concrete Filled Composite Plate Shear Walls
(C-PSW/CF)



In tall building construction, reinforced concrete shear walls with coupling beams are commonly used.
C-PSW/CF can similarly be used with composite coupling beams. Their appeal lies in the fact that the steel
panels of C-PSW/CF can be fabricated off-site, shipped and erected on-site, and serve as formwork for the
concrete. Most importantly, this can significantly accelerate construction time (MSC 2019). While this
structural system has been used in mid-rise construction in non-seismic regions (Bowerman and Chapman
2002), as well as in nuclear structures to provide (among many load cases considered) missile and aircraft
impact resistance in addition to elastic resistance to seismic and wind lateral loads (Bhardwaj and Varma
2017; Varma et al. 2011; Varma et al. 2014), knowledge on its cyclic inelastic non-linear behavior is needed
for application in regions where severe earthquakes are expected. In a somewhat related topic, past research
that has shown that concrete-filled steel tubes can have a ductile cyclic inelastic behavior (Brown et al.
2015; Denavit et al. 2016; Hajjar 2000; Kenarangi and Bruneau 2019; Leon et al. 2007; Stephens et al.
2018; Tsai 1992; Usami and Ge 1994; Varma et al. 2002; Varma et al. 2004) is instructive and suggests
that similar performance is possible for C-PSW/CF, although this cannot be inferred directly from those
past tests.

Some research has investigated the in-plane cyclic inelastic behavior of these walls. Alzeni and
Bruneau (2014) tested four concrete-filled sandwich steel panel (CFSSP) walls with and without circular
boundary elements. The specimens showed stable ductility up to 3% drift. A few wall specimens having
square ends rather than circular ones have also been tested (Bruneau and Kizilarslan 2019; Cho et al. 2015;
Eom et al. 2009; Yu et al. 2019). However, no research has been conducted on C-Shaped walls, especially
when subjected to simultaneously axial and lateral loadings. Given that C-shaped walls can be parts of the
lateral-load resisting core of building (around elevator shafts), investigating the behavior of such walls is
important. Note that in these walls, the plastic neutral axis can move quite significantly in alternating
directions of loading. Knowledge on the cyclic inelastic behavior of C-shaped walls is necessary for the
development of design guidelines when high-rise core-wall steel buildings having C-PSW/CF are used as

the primary lateral force resisting system.



With the above in mind, two C-PSW/CFs were tested at the Structural Engineering and Earthquake
Simulation Laboratory (SEESL) at State University of New York (SUNY) at Buffalo. The dimensions of
the walls were the same, but slightly different axial load ratios were applied, namely corresponding to 19%
and 15% of the crushing load of the infill concrete (4.f.). Testing two specimens was helpful to establish
replicability of the test results. Moreover, for one of the walls, a repair strategy that was deemed practical
and applicable for post-earthquake repairs (irrespective of the severity of wall damage) was developed and
verified experimentally, subjected to the same testing protocol. This repair strategy involved replacement
of the buckled plates and, if necessary, partial or complete replacement of the concrete located between the
removed plates, with re-use or replacement of existing tie bars as appropriate.

Section 2 provides the steps of the design process for the specimens tested. The initial design is
presented in Section 2.2 and the final dimensions of the specimens and test setup are in Section 2.3.
Section 3 provides results and observations from the experiments. This includes information on preparation
of the specimens (Section 3.3), the protocols for cyclic loading and axial loading application (Sections 3.5
and 3.6), and step-by-step descriptions of the specimens’ cyclic response and progressive failure modes
throughout the tests (Section 3.7). Section 4 presents a repair concept for C-PSW/CFs and experimental
validation of the concept. The details of the repair concept and its implementation are presented in Sections
4.2 and 4.3. Loading protocol and procedure for application of axial loading are outlined in Sections 4.5
and 4.6. Step-by-step description of the tests, behaviors observed, and analysis of results are in Sections 4.7

and 4.8. Finally, summary and conclusions are provided in Section 5.



SECTION 2
DESIGN OF SPECIMENS

2.1 General

This section provides information on preliminary and final design of C-Shaped Composite Plate Shear
Walls/Concrete Filled (C-PSW/CF). Section 2.2 outlines the initial design assumptions related to prototype
model chosen and the various constraints that drove the specimens’ design. As such, it documents some of
the iterations that took place in the process, to converge on the final characteristics of the specimens, test
set-up, and testing program described in Section 2.3. The reader solely interested in the final specimen

characterics and details of the test set-up can skip to Sections 2.3 and 2.2.5, respectively.

2.2 Preliminary Specimen Design

2.2.1 Initial Design Assumptions and Constraints

The specimens considered here are Composite Plate Shear Walls/Concrete Filled (C-PSW/CF) having a C-
shaped cross section subjected to weak axis flexure and axial loads. Given that C-shaped walls can be parts
of the lateral-load resisting core of building (around elevator shafts), investigating the behavior of such
walls is important.

The specimens were designed based on the assumption that the walls would attain their plastic
moment capacity at their base. The plastic moment capacity of each wall is based on the assumption of a
uniform yield stress distribution of steel, F}, and uniform compressive stress distribution of concrete, f:,
(Alzeni and Bruneau 2014). The required lateral force (actuator force to be developed during testing) was
taken equal to the wall’s plastic moment divided by its height from the point of maximum moment to the
applied force level.

The initial specimen design constraints were mainly:

e The desired wall cross-section;



e Reinforcement ratio (limited to less than 10%);
e Laboratory constraints for test set-up;
e Disposal costs of the specimens.

The cross-section geometry was also driven by the desire to test vertical walls cantilevering from
their base and simultaneously subjected to lateral forces applied at their top and axial forces. The geometry
of that test set-up configuration is presented in more details in Section 2.2.5. As described in that section,
the MTS servo-controlled hydraulic actuators available for this purpose at the University at Buffalo's (UB)
Structural Engineering and Earthquake Simulation Laboratory (SEESL) included two 220kips actuators,
for a total possible horizontally applied force of 440kips, and two 430kips actuators, for a potential total
vertical loading of 860kips. For design purposes, to design the test set-up, the assumed upper limit for the
lateral force was taken as 220kips. This provided a “margin” of two for the initial design to account for
strengths greater than the theoretical plastic moment value due to strain hardening of steel, confinement of
concrete, and expected strengths of the material exceeding the specified values.

On the basis of input from the Project Advisory Team, a prototype wall cross-section (Figure 2-1)
was assumed to have a flange width, h, of 30f%., a web depth, b, of 10f., and a minimum wall thickness, c,
of 24 in. Based on the design assumptions and constraints mentioned above, a specimen was designed at
1/4™ scale of the cross-section of the prototype wall model. Once specimen cross-section was defined for
the specimen at this 1/4™ scale, height of the specimen was defined such as to develop the plastic moment
calculated from specified material properties on the basis of the above constraints on hydraulic actuators
and the assumed margin of 2 for the lateral load needed to fail the specimen. There also was a desire to
subject the specimens to axial loads of a magnitude equal to, if possible, up to 30% of the squash load of
the infill concrete (A.f;). A large number of preliminary analyses were conducted to determine the

appropriate size and dimensions of the specimen to be tested; some of these are reported below.
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Figure 2-1. The cross-section of a prototype wall

2.2.2 Plastic Moment Capacity
Flexural capacity of this wall was first estimated by using simple plastic theory based on the assumption of
uniform plastic stress distribution on steel and concrete sections used by Alzeni and Bruneau (2014). Figure
2-2 illustrates the axial stress blocks of a general cross section of a C-shaped C-PSW/CF with the variables
used to develop closed form equations to calculate plastic moment capacity of C-Shaped C-PSW/CF with
any geometric properties, under positive and negative drift. Table 2-1 presents the resulting closed form
equations for C, and Mp for the possible location of plastic neutral axis illustrated in Figure 2-2. Derivation

of the terms used in these equations is provided in more details in Section 2.2.2.1 to 2.2.2.3.
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Figure 2-2. The axial stress blocks of a general cross section of a C-shaped C-PSW/CF under
positive and negative drift



Table 2-1. Closed form equations for C, and Mp under positive and negative drift

CASE A —-NEGATIVE DRIFT

_ BxFyxts’+ ((=2%b + 4*w + 2xtc)*Fy + 6% fcxtc)*ts — b fcxtc
- 2% (4*Fyxts + fcxtc)

c

M, = (6.0 xtcxts®* + (3.0xtc*+ (=Lxb — 7.0%C) xtc) xts + (=05+b — 1L+ C) xtc? + C* (C + b) xtc) * fc
+ (80xts®+ (3.0xtc — 20%b — 80+ C)*ts? + ((2xw — 1xb — 24C) xtc + 40%C2+ (—4.0*w + 24Db) *C + 2.0 xw?)

*ts)*Fy

CASE A - POSITIVE DRIFT

tsx(b + 2*w — tc — 4xts)xFy + fcxtc
4xFyxts + fcxtc

Mp = (tcxts? — 2.0 tc* C xts + tc*C?) * fc
+ (8.0xts3+ (—8.0*w + 3.0%tc — 2.0*b + 8.0 * C) * ts?

+ (4.0xC*+ (—4.0xw — 2.xb + 2xtc)*C + 20*w? — Lxtc*b + 24 b*w) xts) x Fy

CASE B - NEGATIVE DRIFT

7(—8*t52+ (2*b + 4xw — 6%tc)xts + 2xtc*b)*Fy — tc*(b — 4xts)*fc

¢ 2%b*Fy

Mp = (4xts? xtc + (20 xtc?+ (—4xC — 1xb)*xtc)xts — 0.5*b xtc?> + tc*C *b) = fc
+ (—8.0xts®+ (80%C + 2.0%b — 13.0 * tc) * ts?
+ (—4.0xtc?+ Q*w + 6.0+C + 3.0+b)*tc — 40*xw=+C — 20%xC+b + 2.0*w?)*ts + b*tc?— 2.0xtc*C*b + C?xb)

* Fy

CASE B - POSITIVE DRIFT

c _(4xts?+ (=b — 2xw + 3xtc)xts + bx(w — tc)) xFy + tcx fexts
- Fy*b + fcxtc

Mp = (tc * C? + ts?xtc — 2.0*ts*tc*C) * fc
+ (—8.0xts®+ (20*b + 80*w — 8.0*C — 13.0 x tc) * ts?
+ (—40xtc?+ (80*w — 6.0xC + 3.0%b)*tc + (—2.0xw + 2.0%C)*h + 40+w=C — 2.0*w?) xts + tc>*b

+ (—20xw + 20xC)*bxtc + (—20*w=*C + C2+ w?) xb) *Fy

CASE C - NEGATIVE DRIFT

(b —4xts)xfc+ 4xFyxw)xts

C
(b —4xts)*fc + 8xts*Fy

Mp = (—2.0%ts®+ (4.0xC + 05xb) *ts>+ (=2.0«xC>— bxC)*ts + 05*b*C?) x fc

+ (—4.0xts®+ (=5.0xtc + b) xts?+ (4.0xC?+ (—2xtc — 40*w)*C + 2.0xw? + 2xtc*w + b*tc) xts) xFy

CASE C - POSITIVE DRIFT

(4*tsz+ (b — 4w + 8xtc)*xts + W — tc)x(b — Z*tc))*fc + 4-*(w —tz—c)*Fy*ts
- (b — 4xts)*fc + 8xts*Fy

Mp=(—40xts®+ (b — 5.0xtc)xts?+ ((2xC + b) xtc + 2.0 xw?+ 4.0%C? — 4.0 C +w) xts) x Fy
+ (-2.0%ts®+ (0.5%b + 40xw — 4.0xC — 2.0  tc) * ts?
+ (tc?+ (b + 5.0%w — 8.0%C)xtc — 20+C%>+ (b + 4.0+w)*C — 2.0+w? — Lxbxw)*ts + tc® + (0.5%xb — 2.4 C) * tc?

+ (b + 2+4w)*C — 1xw?— 1xbxw)xtc + 05xb*w?+ 05+C2b — LxCxb*w)*fc

10




2.2.2.1 Compression Depths and Mp for Case (a)

Negative drift case:

Forces:

Tl = 2xts*(2+ts + tc)*Fy
T2 = 4+tsx(w — C — ts) xFy
Cl = Fyxbxts

C2 = 4xts+(C — ts)*Fy

C3 =ts*x(b — 4*ts)*Fy

C4 tcx(b — 4x*ts)*fc

C5

2xtc* (C — ts)* fc

T1+T2=C1+C2+C3+C4+C5

8xFyxts?+ ((—2xb + 4xw + 2xtc) *Fy + 6xfcxtc)xts — bxfcxtc
C =
2%« (4*Fyx*ts + fc*tc)

Lever arms of forces about the centroid:
LTl = w — C — 0.5%ts
LT2 = 05«w — 05+«C — 0.5x%ts

LC1 C — 0.5x*ts

LC2 = 05%C — 0.5x*ts

LC3 C — 15*ts — tc

LC4 = C — ts — 0.5=tc
LC5 = 05+«C — 1.0xts — 0.5xtc
Plastic moment:

Mp=T1+LT1+T2%LT2+C1+*LC1+C2*LC2+C3%LC3+ C4+LC4+ C5+LC5

11



M, = (6.0xtcxts®+ (3.0xtc?+ (—1xb — 7.0%C) xtc) xts + (—05%b — 1+ C) xtc2 + C*(C + b)
*tc) * fc
+ (8.0xts®+ (3.0*tc — 2.0 b — 8.0 %) x ts?
+ (@xw — 1xb — 2xC)xtc + 4.0 C?+ (—4.0*w + 2xb)xC + 2.0 xw?) * ts)
*Fy

Positive drift case:

Forces:

Tl = ts*bx*Fy

T2 = 4xts+(w — C — ts)*Fy

T3

tsx(b — 4x*ts)*Fy
Cl = 2xts*(2*ts + tc)*Fy

C2

4xts*(C — ts)*Fy

C3

2xtcx(C — ts)*fc
T1 4+ T2+ T3 =C1+C2+C3

ts*(b + 2+xw — tc — 4x*ts)*Fy + fcx*tc
4xFyxts + fcxtc

Lever arms of forces about the centroid:

LTl = w — C — 0.5%*ts

LT2

05«w — 05«C — 0.5*ts

LT3 =w — C — tc — 1.5%ts

LC1 C — 05%ts

LC2 = 05%C — 0.5x*ts

LC3 05%«C — 05 =«ts

Plastic moment:

Mp=T1+LT1+T2*LT2+T3*LT3+C1*LC1+C2+LC2+ C3*LC3

12



Mp = (tc*ts? — 2.0 xtc*C xts + tc*C?) = fc
4 (80%ts3+ (=8.0#*w + 3.0%tc — 20%b + 8.0 *C) * ts2
+ (4.0%C*+ (—4.0xw — 2xb + 2xtc)*C + 2.0*w? — lxtcxb + 2.%b*w) *ts)

*Fy

2.2.2.2 Compression Depths and Mp for Case (b)

Negative drift case:

Forces:

Tl = 2xts*(2+ts + tc)*Fy

T2 = 4+tsx(w — C — ts)*Fy

T3 = 2*ts +tc — C)*(b — 4xts)*Fy

Cl =tsxbxFy

C2 = 4xts*(C — ts)*Fy
C3 =(C —ts —tc)yx(b —4x*ts)*Fy
C4 = tc*x(b — 4xts)*fc

T1 + T2+ T3 =C1+ C2+ C3+C4

_(—8*t52+ 2xb + 4*xw — 6xtc)*ts + 2xtc*b)*Fy — tc*(b — 4=ts)* fc

¢ 2xbxFy

Lever arms of forces about the centroid:

LTl = w — C — 0.5%ts

LT2 = 05«w — 05+«C — 0.5x%ts

LT3 = 1.0+ts + 0.5%tc — 0.5%C

LC1

C — 0.5%ts

LC2 05%xC — 0.5 =xts

LC3 = 05+%C — 05xts — 0.5xtc

LC4 = C — ts — 0.5xtc

13



Plastic moment:
Mp=T1+LT1+T2+LT2+T3+«LT3+C1+LC1+C2+LC2+C3+LC3+C4xLC4
Mp = (4xts? xtc + (2.0*xtc? + (—4xC — 1xb) xtc) xts — 0.5xbxtc? + tc*C*b) = fc
+ (—8.0x*ts3+ (8.0xC + 2.0xb — 13.0 = tc) * ts?
+ (—4.0*tc?+ 2xw + 6.0*C + 3.0xb)*tc — 40xw=*C — 20+xCx*b + 2.0+ w?)

xts + bxtc?— 2.0xtc*xCxb + C?>*b)*«Fy

Positive drift case:

Forces:

Tl = ts*bxFy

T2 = 4x+tsx(w — C — ts)*xFy

T3 =W —C —ts —tc)x(b — 4x*ts)*Fy
Cl = 2xts*(2*ts + tc)*Fy

C2 = 4xts+(C — ts)*Fy

C3

b —4xts)*(2*ts +tc —w+ C)*Fy

c4

2xtc* (C — ts) * fc
T1+ T2+ T3 =C1+C2+ C3+C4

c _(4*t52+ (=b — 2xw + 3xtc)*ts + b*x(w — tc))*Fy + tc* fcxts
a Fyxb + fcxtc

Lever arms of forces about the centroid:

LTl = w — C — 0.5%ts

LT2 = 05w — 0.5«C — 0.5x*ts

LT3 = 05w — 05%«C — 05ts — 0.5x*tc

LC1 C — 0.5*ts

LC2 05%«C — 05 =«ts

LC3 = 10xts + 05%xtc — 05w + 0.5%C

LC4 = 05+«C — 0.5x*ts
14



Plastic moment:

Mp=T1+LT1+T2+LT2+T3+xLT3+C1+LC1+C2+LC2+C3+LC3+C4xLC4

Mp = (tc xC*+ ts?xtc — 2.0 xts*tc*C) * fc
+ (—8.0x*ts®+ (20xb + 80*w — 8.0%C — 13.0 * tc) * ts?
+ (—4.0*tc?+ (80w — 6.0+C + 3.0xbh)*tc + (—2.0*w + 2.0xC)*b + 4.0*xw
*xC — 20xw?)*xts + tc®>«b + (=2.0xw + 2.0%C) b xtc

+ (—2.0xw=*C + C?*+ w?)xb)*Fy
2.2.2.3 Compression Depths and Mp for Case (c)

Negative drift case:
Forces:

T1

2xts*(2*ts + tc)*Fy
T2 = 4+tsx(w — C — ts) xFy

T3

tsx(b — 4x*ts)*Fy

Cl =tsxbxFy

Cc2 4xts*(C — ts)*Fy

C3

(C —ts)*(b — 4xts)*fc
T1 + T2+ T3 =C1+C2+ C3

_ ((b — 4xts)*fc + 4xFyxw)xts
B (b —4xts)*fc + 8xts*Fy

Lever arms of forces about the centroid:

LTl = w — C — 0.5%*ts

LT2 05«w — 05«C — 0.5*ts

LT3 = 15%*ts + tc — C

LC1 = C — 0.5«ts
LC2 = 05C — 0.5ts
LC3 = 05%C — 05 =«ts
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Plastic moment:

Mp=T1+LT1+T2+«LT2+T3 LT3+ C1+LC1+C2%LC2+ C3*LC3

Mp = (—20xts>+ (4.0*C + 05xb)xts> + (—2.0xC%>— b*C)xts + 0.5xb = C?) x fc
+ (—4.0*ts3+ (=5.0*tc + b) * ts?

+ (4.0%C*+ (—2xtc — 40*w)*xC + 20*w? + 2xtc*w + b=*tc)*ts)*Fy

Positive drift case:

Forces:

Tl = ts*bx*Fy

T2 = 4xts+(w — C — ts)*Fy
Cl = 2xtsx(2+ts + tc)*Fy

C2 = 4xts+(C — ts)*Fy

C3 =ts*(b — 4xts)*Fy

C4 = 2xtcx(w — 2xts — tc) * fc

C5

(b —4xts)*(ts +tc —w+ C)*fc
T1 + T2+ T3 =C1+C2+ (C3

_Le

(4*t52+ (=b — 4xw + 8xtc)*ts + (w — tc) x(b — 2*tc))*fc + 4*(w >

(b —4xts)*fc + 8xts*Fy

)*Fy*ts

Lever arms of forces about the centroid:

LTl = w — C — 0.5%*ts

LT2 = 05w — 0.5«C — 0.5x*ts

LC1 C — 05%ts

LC2 = 05+«C — 0.5x*ts

LC3 = 15*ts + tc —w + C

LC4 C —05+w — 05=*ts — 0.5=tc

LC5 = 05+ts + 0.5«tc — 0.5xw + 0.5%C
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Plastic moment:

Mp=T1+«LT1+T2%LT2+C1+LC1+C2%LC2+ C3+LC3+ C4*LC4+ C5%LC5

Mp=(—40xts®+ (b — 5.0 xtc) xts?+ ((2xC + b)xtc + 20 xw? + 4.0%C2— 4.0%C *w)  ts)
*Fy
+ (—2.0xts®+ (05%b + 4.0*w — 4.0%C — 2.0 xtc) * ts?
+ (tc®?+ (b + 50xw — 80*C)*tc — 2.0+C?>+ (b + 40*w)*C — 20*w? — 1xb
xw)xts + tc3+ (05xb — 2xC)xtc?+ ((b + 25w)*C — Lxw? — Lxbxw)xtc

+ 05xb*w?+ 05%xC2xb — 1xCxbxw)*fc

2.2.3 Details of Preliminary Specimen
The selected 1/4™ scale cross-section of the wall specimen is shown in Figure 2-3, together with the assumed
plastic stress distribution. It is referred to as C100x30x5.375 because it has a full flange width, b, of 100
in., a web depth, w, of 30 in., and a cross-section (web and flange) total thickness of 5.375 in. It also has a
concrete thickness of, #., 5 in. and steel plate thickness, ¢, of 3/16 in. Table 2-2 provides the other properties
of the cross-section as well as the material properties of the steel and the concrete material assumed in
calculating nominal strength. Provided in the table is also the plastic moment capacity and the percentage
of the axial squash load that could theoretically be applied to the wall section by the vertical actuators at
full capacity (i.e., ratio of available axial load to axial load capacity of the infill concrete (A.f;)). This
indicates that, at the capacity of the vertical actuators, the C100x30x5.375 wall model would be subjected
to a maximum axial loading that corresponds to 27% of the squash load (based on concrete axial strength)
if the concrete strength is 4ksi, where the squash load is defined as crushing load of the infill concrete.
Smaller specimens would have been required to achieve axial stresses equal to higher percentages of the
squash load. For example, Figure 2-4 shows the percentage of the maximum achievable squash load as a
function of concrete thickness (t.) and concrete compressive strength (f;). For example, to illustrate how
various parameters would impact this percentage (Figure 2-5), with the current wall geometry (t. = 5in)

and with an expected concrete compressive strength (e.g., f; = 6ksi), the maximum load applied
17



corresponds to 18% of the axial capacity of the infill concrete. Alternatively, if reducing the thickness of
concrete to 4 in. while keeping the other parameters of the wall section the same (F, = 50ksi, f' = 6ksi),
23% of the axial strength would be achieved.

An alternative to the C100x30x5.375 wall model that was considered is a C60x20x5.375 wall
(which would be closer to a 1/6™ scale model), which has less concrete area and therefore allows for more
variability in f/ as far as reaching large percentages of the squash load. The 1/6™ scale model has a full
flange width, b, of 60 in., web depth, w, of 20 in., steel plate thickness, ¢, of 3/16 in. The wall cross-section
width-to-depth aspect ratio of this section is 3, whereas it is 3.33 for the 1/4™ scale model (C100x30x5.375).
Theoretically, 30% axial load can be achieved for the 1/6™ scale model with t, = 5in, if the expected
strength of the concrete is f; = 6ksi. This would also be the case with a concrete thickness, ¢, of 8in. if
f¢=4ksi. Figure 2-5 shows the percentage of the maximum achievable axial force (as a function of 7. and
) for the 1/6™ scale wall model. However, the larger scale C100x30x5.375 was preferred and was selected

as the recommended preliminary specimen to be considered for the subsequent analyses thereafter.
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C100x30x5.375
b=100in
w=30in

te=5in
t=iin

Figure 2-3. Cross-section of the C-shaped C-PSW/CF and its plastic stress distribution under
positive (left) and negative wall drift.

19



Table 2-2. Properties of the Initial Specimen.

Wall Parameters Units C100X30X5.375
Wall Height, H in 166
Flange length, b in 100
Web length, w in 30
Steel thickness, ts in 0.1875
Concrete thickness, t: in 5.0
Total thickness, t in 5.375
Wall aspect ratio, H/w - 5.80
Cross-section aspect ratio, b/w - 3.33
Steel area, As in? 62.0
Concrete area, Ac in? 741.0
Gross area, Ag in? 802.0
Reinforcement ratio, ps % 8.0
Yield strength, Fy ksi 50.0
Concrete strength, f/ ksi 4.0
Max moment (+ Drift), Mp kip-in 31508
Max. base shear, Vinax kip 176.0
Safety factor, SF - 2.51
30% axial capacity of concrete, 0.3Acfc  kip 963.0
Max. achievable axial load, % 27.0
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Percentage of A,f." Achieved Based on 7, and £’ for
C100x30 CF-CPSW

35%
T 30% |
Z Axial Load
< 25% | =860kip
=
“220% |
=
E 15% |
Eﬁ =0=tc=4in
g 10% | A=te=Sin
-
& 5% -0 tc=6in
0% 1 L 1 L
0 2 4 6 8 10

' (ksi)

Figure 2-4. Percentage of axial load achieved for C100x30 C-PSW/CF based on t. and f.’

Percentage of A f.' Achieved Based on 7, and f.' for
C60x20 CF-CPSW

50%
=]
S 40% [ | Axial Load
:§ =860kip
":.;30"/:' -
=
k=
£20% [ At
%’ =0 tc=6
E 10% == tc=7
A =L} tc=8
00/0 1 1 1 1
0 2 4 6 8 10

Se' (ksi)

Figure 2-5. Percentage of axial load achieved for C60x20 C-PSW/CF based on t. and f.’
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Note that assuming a C100x30x5.375 wall, a wall height of approximately 14ft above the concrete
foundation was chosen to be able develop the plastic moment at the base of the wall with the specified
actuator and contingencies. Maximum wall strength and drifts, as well as other practical consideration,
supported this decision at that time.

To conservatively determine the needed lateral force to test the chosen specimen, considering a
yield strength of steel, F;, = 50ksi and uniaxial compressive strength of concrete,fy = 8ksi, the plastic
moment of the cross-section is 39,962 kip-in (under positive wall drift) and the lateral force required at the
wall top to achieve this moment is 186 kips. Using an expected yield strength of 60ksi would increase this
value by approximately 20%. The lateral force applied using two 220kips actuators that provide a total
force of 440kips was deemed an adequate lateral load capacity to test the specimens while also countering

the horizontal component of the vertical actuators at large drifts.
2.2.4 Preliminary analysis
2.2.4.1 Moment-Curvature and Moment-Axial Load Diagrams)

The moment-curvature diagram of the C100x30x5.375 wall model having concrete strength, f, = 4ksi,
and f; = 8ksi, under negative and positive wall drift is shown in Figures 2-6 and 2-7, respectively. The
section moment obtained from the fiber analysis gradually converges to the plastic moment with increasing
wall curvature. The section attains its plastic moment with less curvature under positive drift than under
negative drift. This figure also indicates the increase in flexural strength of the section under negative drift,
and the decrease under positive drift, with increasing axial load (e.g., P=0.0, P = 0.15P,., and P = 0.3P,,
where P, is the axial strength of the concrete).

Figure 2-8 shows the P-M interaction diagram of the C100x30x5.375 specimen under positive and
negative wall drift, for C-PSW/CFs having concrete strength of f = 4ksi, and f. = 8ksi. The P-M
interaction diagram indicates that the moment capacity of the section is reduced under increasing axial load

under positive drift. On the other hand, it is gradually increased when subjected to higher axial loads under
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negative drift. The observed moment capacity increase of the section is best understood by observing the
history of the neutral axis location of the section that is illustrated graphically in Figure 2-9. The main
observations from Figure 2-9 are as follows:

e Compression depth increases with greater axial load;

e In a given direction of bending, the increase in moment capacity (when axial load is zero) is
inversely proportional to the distance between the plastic neutral axis and the section centroid

axis;

e The section attains its largest strength when the plastic neutral axis is at the center of gravity (or
centroid axis), which is true for any section (but for the C-shape, it will not be the same value

for negative and positive bending);

e Under negative drift, the plastic neutral axis is always located within the wall flange, and;

e Under positive drift, the compression depth, under zero axial load, almost matches with the

centroid of the section (i.e., corresponds to peak moment capacity of the section).

Moment Curvature Relation of C100x30x5.375

Moment (kip-in)

Curvature About Strong Axis (1/in)

Figure 2-6. Moment-curvature relationship of the C100x30x5.375 C-PSW/CF model (f .=4ksi)
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Moment Curvature Relation of C100x30x5.375

M -Kyy (- Drift M - Kyy (+ Drift
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Moment (kip-in)
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0 0.2 0.4 0.6 0.8  0.001 0 0.2 0.4 0.6 0.8 0.001

Curvature About Strong Axis (1/in)

Figure 2-7. Moment-curvature relationship of the C100x30x5.375 C-PSW/CF model (f .=8ksi)

C100x30x5.375 P-M Interaction Curve
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Figure 2-8. P-M interaction diagram for the C100x30x5.375 C-PSW/CF model
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NEUTRAL AXIS-CURVATURE RELATION OF C100x30x5.375 CF-CPSW
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Figure 2-9. Neutral axis-curvature relation of the C100x30x5.375 wall model with: (a) f.=4ksi,

and; (b) f.=8ksi
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2.2.4.2 Elastic Buckling of Skin Plate

Once satisfactory wall dimensions have been selected and satisfactory flexural strength is provided, the
ability of a walls to develop this plastic moment requires that premature local buckling of the steel plate be

prevented. To ensure yielding of the web plate prior to its local buckling, Alzeni and Bruneau (2014)

S 18 E
- = 19 |= 2.1
t, F, (2.1)

where s is vertical spacing of the tie bars, and t,, is thickness of the plate.

proposed the following equation:

This equation is identical to Equation (H7-1) given in Article H7.4a of AISC341-16 (2016) for the
maximum allowable spacing of tie bars in both the vertical and horizontal directions for the steel plate of
C-PSW/CF with boundary elements. Based on this equation, for a steel plate thickness, t,,, of %in., and

properties of E = 29000ksi and F,, = 50ksti, the maximum allowable spacing, s, of tie bars in both the

vertical and horizontal directions is equal to 8.13in. The spacing of tie bars in vertical and horizontal

directions for the specimen was therefore taken as 8in.

Tie bars diameter was selected per Article H7.4e of AISC341-16 (2016) by adding the tension force
that develop due to locally buckled steel face plates (Equation (H7-5) of AISC341-16), and the required
tension force that develops along the tie bar to prevent splitting of the concrete core between the steel plates
(Equation (H7-6) of AISC341-16 (2016)). The corresponding required tensile strength for each tie bar was
calculated equal to 11.8kips. At this stage, a Grade 50 tie bar with 0.625in. diameter was chosen based on
the required tensile strength. The connection of tie bars to the steel plates was designed to develop the
tensile strength of the tie bars using fillet welds. Details of the design procedure are presented in

Appendix A.
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2.2.5 Test Set-up Design

2.2.5.1 General

Each wall specimen to be tested is a cantilever embedded at its base into a reinforced concrete footing
needed to transfer the base moment into the laboratory strong floor. Therefore, the entire test set-up consists
of four main components, namely: (1) the wall reinforced concrete footing; (2) the C-shaped C-PSW/CF
specimen; (3) the Lateral Loading System (LLS), and; (4) the Axial Loading System (ALS). The
corresponding test set-up is illustrated in Figures 2-10 and 2-11. The CAD drawings of the test setup are
presented in Appendix B.

The height of the wall, from top of the footing to the centerline of the actuator plates is about 14 fz.
The total height of the test set-up from the strong floor is 16.5f%. Figure 2-10 shows a schematic view of the
C-shaped C-PSW/CF wall.

The dimensions of the footing and post-tension forces of the DY WIDAGs used to tie it to the strong

floor of the structural laboratory were chosen to prevent any uplift due to wall over-turning moment under
development of its plastic moment capacity calculated with expected material properties and multiplied by
a safety factor of 1.5 to account for possible strain hardening. The design dimensions of the footing are
8ft. X 12ft. in plan, and 2f% in thickness. The number of DY WIDAGs used for this footing is 24, each pre-
tensioned 130kips (per DY WIDAG bar) to prevent uplift on the tension side of the footing.
At the top of the wall, horizontal loading is applied to the specimen’s two wall webs, and vertical force is
applied to the wall flange, as illustrated in Figures 2-10 and 2-11. In this approach, the horizontal loading
system consists of two MTS Model 244.51S (220kips) actuators with its connecting hardware (namely head
washer plates, post-tension bars, and stiffeners).

The axial loading system consists of two MTS Model 243.90T (440kips) actuators attached
between the top of the wall and the strong floor. The setup for attachment of these actuators to the wall

needed to be able to transfer and keep constant the vertical axial load at the top of the wall throughout the
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cyclic test and when the wall is laterally deformed. For this purpose, an iterative design and analysis process
was conducted by which different test set-ups were designed. Feasibility, constructability, and reliability
of each set-ups was considered in order to find the best possible configuration. Hence, in addition to the
vertical loading system shown in Figure 2-10, two alternative systems were fully designed and investigated
in details; they consisted of: (i) a W40x211 beam having large stiffeners, spreader plates, tension bars, and
angles; (ii) a 3D truss system spanning over the full length of the wall. These alternatives are also shown
in Figure 2-13, but were found to be heavier, more problematic to erect in the laboratory, and less stable.
Details on these other fully developed alternatives are not presented here. Details of the preferred vertical

loading system that has been retained here are presented in Section 2.2.5.3.

SEESL strong wall /

Lateral loading

actuators
Axial loading
top fixture P ’

Lateral loading
attachment fixture

Test Specimen /

RC foundation

SEESL strong floor <.

N A\ ~

Axial loading
actuators

Figure 2-10. Perspective view of the test setup
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Figure 2-11. Elevation and top views of the test setup
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Figure 2-12. Perspective view of the test setup
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3D view North elevation

(a) Vertical loading system using W shape beam on top of the wall

3D view South elevation

(b) Vertial loading system using a 3D truss on top of the wall

Figure 2-13. Alternative designed (but not retained) vertical loading systems using: (a) W-shaped
beam, (b) 3D steel truss
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2.2.5.2 Lateral loading system set-up

As mentioned above, the lateral loading system consists of the two MTS Model 244.51S (220kips) actuators
and their connection elements, namely head washer plates, post-tension actuator rods, and stiffeners. Figure
2-14 shows a schematic view of the lateral loading system. The lateral loading system was designed such
that the capacity of these two horizontal actuators would be sufficient to develop up to 1.5 times the plastic
moment of the specimens. Detailed design of the stiffeners and joint welds are presented in Appendix A.
Due to complexity of the wall geometry and to prevent any unwanted eccentric loadings, the stiffeners were
designed to be welded to each test specimen. Detailed finite element analyses of the lateral loading system
were carried out using LS-Dyna to ensure proper and stable behavior of the system under positive and
negative loadings. Figure 2-15 representatively shows the effective stress field in the system under

maximum negative strength.

Actuator Rods

stiffener (Angle) _ 220kips Actuator
Washer plate (0.25in.) [ 5] (Lateral)
21: .V.’ § 1
we - ' l
6% TIr ~ _— ;
¥ [ _Cl1 A —— | —L |
' K £ % Tomn plote (0.25in.)
' asher .22,
2R il Stiffener (Angle) | Top View
NN ’ 1 Wall (South Web)
| | o ) -
Lk, i " SN | || Top of the wall - P | —— S—— | \
"-‘M‘*?Q ] ) TN : I E{T 1
¥ I / Pl [ 11% ‘
o = . it |= | —
rfﬂ\/_.ﬁ e |L J . E"{i_'—'.—: | —
’ ol - 2 Stiffener ! !
(Angle) - 30 -
L) :
‘ A2 ¢ Wall (South Web) —_| o !
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- o Lateral actuator attachment details
DETAIL A —
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Figure 2-14. Details of the lateral loading system
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Figure 2-15. Effective stress field in the lateral loading system under maximum negative loading.

2.2.5.3 Axial loading system set-up

The designed set-up to apply vertical loading to the specimen consists of a top attachment fixture that is a
stiffened inverted T-shape built-up beam sitting on top of the wall’s flange. The top fixture spreads the
downward load of the actuators on top of the wall. Two inclined vertical actuators are post-tensioned to the
strong floor and located symmetrically on the east and west sides of the wall. The load of each actuator is
transferred to the top attachment fixture by means of four high impact threaded bars. Figure 2-16 shows a
schematic view of this system. The axial load in both of the vertical actuators was servo-controlled to
remain equal to each other throughout the test.

Figure 2-17 shows an elevation view of the vertical loading system. As shown in this figure, the
angle between the inclined actuators and the strong floor is 70°. This angle changes about +5° during the
test as the top of the wall drifts back and forth (considering the maximum displacements that can be applied
by the actuators). The running threaded bars between the actuator plates and the top fixture were arranged
in such a way that the central axes of both actuators coincide with the center plane of the wall flange in
order to balance the tensile load among the threaded bars. Double spherical washers were used at the

threaded bar joints in order to avoid moment concentrations due to accidental eccentricities. Figure 2-18
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shows the details of the threaded bar end joints. Details of the top fixture and the actuator attachment plates
are shown in Figures 2-19 and 2-20. Details of the design procedure for the top fixture and the actuator
attachment plates are presented in Appendix A. Finite element analyses were carried out to control the
stability of the vertical loading system. Figure 2-21 shows the developed finite element model of the vertical
loading system and its deformed state. Figure 2-22 representatively shows the effective stress field in the
top attachment fixture and the actuator attachment plate under maximum vertical loading.

The top fixture was anchored to the top of the wall at three locations by means of threaded bars
embedded in the flange of the wall. The shear load demand on these embedded bars were calculated by
considering worst case of the following scenarios:

e Unbalanced load from hanging only one vertical actuator on one side of the wall during set-up

assembly process.

e Unbalanced actuator loads due to control errors during the test.

e The maximum horizontal resultant load produced by the vertical actuators having equal axial
loads at maximum drift of the specimen, calculated to be 80kips when at maximum capacity of

both vertical actuators (i.e., 440kips axial load per actuator).

e The resulting unbalanced lateral load due to unexpected accidental rupture of one of the 8

threaded bars running between the actuator and top fixture during the test, calculated as 165kips.

Analyses showed that the latter case is the most critical case producing a shear demand of 165kips
on the vertical anchors. Note that in calculating the provided strength to resist this load, the friction at the
interface between the top fixture and the concrete at the top of the wall was neglected. With respect to the
other scenarios, the interface friction alone is sufficient to prevent lateral slippage at the interface between
the top fixture and the top of wall flange during the test, which is desirable because slippage at the interface
during the test would introduce some errors in the test data. In other words, the friction force was designed

to transfer the maximum resultant horizontal component of the load produced by the vertical actuators at
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maximum drift of the specimen (i.e., the 80kips mentioned in the third bullet above). Considering a
conservative value of friction coefficient equal to 0.3 between the concrete and steel plate, the available
interface force is shown in Table 2-3 for two cases of 15% and 30% axial loads. Nonetheless, the vertical

anchors were also designed be able to resist alone the same forces, for conservatism and practical

considerations.
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Top fixture-to-wall
~ attachment rods
[ (x3)

High impact
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(x4 on each side)

Threaded bar-to-actuator
attachment fixture — 1.
(~800Ibs on each side)

Figure 2-16. Schematic view of the vertical loading system
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Figure 2-17. Elevation view of the vertical loading system (South elevation)
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Figure 2-18. Threaded bars connection details in the vertical loading system
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Figure 2-19. Vertical load spreading fixture of the vertical loading system
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Figure 2-20. Vertical actuators top attachment fixture of the vertical loading system
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Figure 2-21. Threaded bars connection details in the vertical loading system
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Figure 2-22. Effective stress field in the vertical loading system under maximum vertical and
lateral loading

Table 2-3. Available friction forces at the interface of the top fixture and top of the wall

Axial load Available friction force from Available friction force  Ratio of available friction
percentage vertical actuators from anchorage bars force to the required tra

nsferring force

30% 2 X 440 x sin(70°) x 0.3=248kips 0 (No pre-tension) 3.1

15% 2 % 220 x sin(70°) x 0.3=124kips 0 (No pre-tension) 1.6

2.2.6 Finite element analysis and Pushover Analysis of C100x30x5 using LS-Dyna

Preliminary analyses of the behavior of the specimens were conducted to establish expected experimental

behavior and verify adequacy of the test set-up load transfer mechanism. The finite element study of the
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wall, with fixed-base boundary condition, was performed using LS-Dyna. Plastic kinematic material model,

with properties, F, = 50ksi, E = 29000ksi and Er = 100ksi were used for the steel, and Winfrith

concrete model with f = 4ksi was used for the concrete. Analysis included pushover of the wall in the
negative and positive directions, with and without axial load. Lateral and axial loads were applied to the
finite element model following the same approach proposed for testing (i.e., axial load applied to the wall
flange top only) by combining the models developed for the lateral and axial load fixtures (presented in
Sections 2.2.5.2 and 2.2.5.3, respectively) with the model of the specimen. Figure 2-23 shows a schematic
view of the resulting finite element model. Only half of the test specimen and set-up was modeled using
symmetry principles to reduce the computational costs.

Figure 2-24 shows the pushover curves obtained from the finite element analyses of the C-shaped
C-PSW/CF model under positive and negative wall drifts. The maximum base shear force obtained under
positive and negative drift exceed the theoretical M,, values, reaching 186kips and 148kips, respectively.
Web plate buckling was observed to start developing at about +1% positive drift ratio, and buckling of the
steel plate on the east side of the flange (East is defined with respect to the North sign shown in Figure
2-10) was observed at about -3% drift ratio. Figure 2-25 shows a comparison of the results obtained with
LS-Dyna and those obtained using fiber-section analysis in OpenSees (2006). Note that in the OpenSees
analyses a material-based P-M interaction curve was used and no strain hardening was assumed for the
steel; for comparison, a similar material model was used for the LS-Dyna analyses in Figures 1-24 and 1-
26.

Figures 2-26 and 2-28 show the base-moment of the composite wall as well as the contributions of
the concrete core and the steel plates to the total composite base-moment under positive and negative drifts,
respectively. Figures 2-27 and 2-29 show the development of local buckling and of the plastic regions at
the bottom of the steel plate for positive and negative drifts, respectively, at a six different points along the

push-over curves for positive and negative drifts shown in Figures 2-26 and 2-28.
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Finite element analysis was also performed to verify that a uniform axial stress distribution over
the lower half of the wall is achieved even though only the flange is axially loaded at the top of the wall.
The axial stress distribution from these models were compared against the actual stress distribution
expected under uniform axial loading on each component of the wall (i.e., the concrete core and the steel
plate). Note that for a fully composite wall, the applied axial load is expected to distribute between the steel
plate and the concrete core proportionally to each part’s axial stiffness. In other words, the axial load on
each component is proportional to the product of the modulus of elasticity and cross-section area of that

component. The expected axial load distribution on each component was calculated as follows (from a

Mathcad sheet):
Auxial strength:
f.=4ksi FY = 50ksi
P.=f-A =2085x lﬂs-k_ip Axial strength of the cross-section (Concrete core)
P,=f A + F}_-AS =6.086x lﬂs-kjp Axial strength of full composite cross-section
Porial = 840kip Applied axial load on the wall (verfical components of aciuators)
P_.. P
=28.141-% =13.803-%
c Q

Expected distribution of the axial load on the concrete core and steel plates:
E. = 3240ksi Concrete elasficity modulus
E, = 29000ksi Steel elasticity modulus

E

C

Gpi= =P iy = 0.645-ksi Pxial stress on the concrete cora
EE'AE + ES'AS

0
Oy ratio = ?C =16.137-% Podial stress rafio on the concrete core
- C

F.= o A, =481 Tkip Audal load on the concrete core
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ES-

6= ————— P . =577%ksi Axialstress on the steel plate
EcAp + Egfg
cFS-
Ty patio = = = 11.5535-% Pxial stress rafio on the steel plate
- ¥
F, = oA, =3583-ldp Axial load on the steel plate

Per the above calculations, the expected uniform stress acting on the concrete core cross-section
should be equal to approximately 16% of f.. Verifying this with the finite element analyses, Figure 2-30
shows the vertical (Z direction) stress field in terms of f. on the concrete core. The distribution of the
vertical stresses on the flange and web’s concrete core cross-section solid elements at different levels along
the wall are shown in Figures 2-31 and 2-32, respectively. As shown in Figure 2-31, at the top of the wall
and immediately under the top axial load fixture, large axial stresses on the cross-section are concentrated
near the top fixture. However, the vertical stress distribution becomes more uniform with increased distance
from the top fixture and it becomes effectively uniform over the lower 2/3 of the wall. The average vertical
stress in the concrete at 110in, 80in, 15in, and 5in elevations are 17.8%, 16.3%, 14.2%, and 14.0%
respectively, which is acceptably close to the expected distribution stress. As shown in Figure 2-32 at top
of the wall there is no axial stress on the web’s cross-section. The axial stresses on the web’s cross-section
increase to an average stress of 8.6% at Z=110in and increases to average stress of 13.9% at Z=5in. As
shown in this figure, the axial stress within the web’s cross-section is less uniform comparing to the flange.
This is partly because of the existing eccentricity between the point of the applied axial load and the center
of gravity of the C-shaped wall’s cross-section, which results in a moment, and the development of a

diagonal compression strut in the web near the base of the wall.
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Figure 2-23. Schematic of the developed finite element model of the test set-up in LS-Dyna
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Figure 2-24. Base Shear vs. Drift Ratio of the FE Model of the C-Shaped C-PSW/CF under: a)
Negative Drift, b) Positive Drift
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Figure 2-25. P-M interaction curve comparisons between LS-Dyna model and material-based
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Figure 2-27. 3D view of the progression of local buckling and plastic regions at the bottom of the

()

flange under positive drifts (West elevation).
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Figure 2-29. 3D view of progression of local buckling and plastic regions at the bottom of the flange
under negative drifts (East elevation).
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Figure 2-30. Vertical (Z direction) stress field on the concrete core under axial loading
(normalized by f’c).
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2.3 Final Design
2.3.1 Updated Initial Design

The above designed C-shape C-PSW/CF testing program and test specimens were submitted to the
Project Review Panel (PRP) for its review and comments. For convenience, the properties of the initially
designed base C-shape specimen are repeated in Table 2-4. Based on the discussion between the research
team and the PRP at that time, it was decided to modify the C-shape C-PSW/CF testing program and test
specimens based on the following modified objectives:

e The steel-to-concrete ratio of the cross-section had to less than 4.5%.

e The applied axial load ratio (i.e., the ratio of applied axial load to the crushing load of the concrete
core) could be reduced to approximately 25% (even though a value of 30% was more desirable).
This made it possible to select larger dimensions for the web and flange thickness in order to
reduce the steel ratio in these parts. (Note: To allow investigating the effect of larger axial
stresses on behavior, it was decided that specimens having T-shape cross-sections corresponding
to half of the C-shape specimen would be tested subsequently — results from these tests will be

provided in a separate report).

e Dimensions of the specimen should be proportional to those of the representative prototype

cross-section provided by the PRP. Dimensions of the prototype are provided in Table 2-4.

The material-based P - Mp interaction curve for prototype cross-section (also refered to as the
prototype model) is shown in Figure 2-33a. The corresponding Plastic Neutral Axis (PNA) locations are
also shown in Figure 2-33b for various levels of compressive axial load on the cross-section. Also, the
change in the steel face plate’s maximum strain during a half cycle between maximum and minimum
curvatures of 4 and 8 times the curvature corresponding to initial yield under positive moment are shown

in Figure 2-34. These values were calculated using Equations (2.2) and (2.3) and Figure 2-35.
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Ae

= |Ewc|+ |Ewt|

(at web side)

Ae

(at flange side)

= |€fc|+ |€ft|

(2.2)

2.3)

To test C-shape walls in the laboratory, the dimensions of the prototype model needed to be scaled

down. The thickness of the steel plates dictated the geometric scale factor of the specimens, considering

that the structural steel plate thickness to use should not be less than 3/16in. Using this plate thickness, the

scale factor is equal to 3/8. The dimensions and properties of the geometrically scaled specimen are shown

in Table 2-4. Figures 2-36 and 2-37 show the P-Mp interaction curve, location of PNA, and strain changes

in the steel face plate under various axial load ratio for the scaled cross-section, respectively.
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Figure 2-33. (a) P-M interaction curve for prototype model; (b) P-PNA curve for prototype model
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Figure 2-37. Change in strain in half of a cycle for geometrically scaled model

Comparing these figures with the ones corresponding to the prototype model shows that the scaled
specimen and prototype models have similar behaviors. However, as presented in Table 2-4, the maximum
axial load ratio that can be applied using the vertical actuators in the SEESL on this cross-section is 12%,
which was less than the desirable axial load ratio for the testing program. Also, the foundation size that
would have been required for the testing of such specimen would have been very large and the construction

and recycling costs excessive. Therefore, the option of testing a geometrically scaled specimen couldn’t be
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considered in the testing program. Instead, the specimens were designed with cross-section (y=b/h), web
(B=ty/b), and flange (a=t/h) aspect ratios within +35% of those from the prototype model (i.e., y,=0.31
, Bp=0.28, and a,=0.06). Figure 2-38 shows the definition of these cross-sectional aspect ratios. Also, the
updated specimens were designed to have flexural strength approximately equal to the initially designed
specimens in order to keep the dimensions of the foundation un-changed.

Figure 2-39 shows about 15000 possible cross-sections that fall within the mentioned constraints.
The rectangular box shown in this figure, indicates the boundaries of the imposed cross-sectional
constraints. Figure 2-40 shows the cross-section of the selected final design and its position on the
foundation. The final design was chosen from the points that are located inside the box shown in Figure
2-39. Note that the final dimensions were chosen considering that none of the DYWIDAG bar locations
shown in Figure 2-40 were blocked by the cross-section of the specimen, which further limited the possible
choice of specimens down to only a few nearly similar options. The dimensions and properties of the
resulting updated specimen are shown in Table 2-4.

Figures 2-41 to 2-43 show the P-Mp interaction curve, location of PNA, and strain changes in the
steel face plate under various axial load ratio for the scaled cross-section, respectively. Figure 2-44 shows
the P-Mp interaction curve for variations of concrete uniaxial compressive strength between 4 and 6ksi and
steel face plate yield strength between 50 and 60ksi. The values of concrete strength and steel yield for test
specimen and the day of test were expected to be within these considered ranges.

The test setup including the axial loading system and lateral loading system for the C-shape
specimens remained similar to what was presented above. Upon submission of the detailed drawings by
the research team, the steel fabricator who detailed and erected the steel for the specimens develop a revised
set of drawings identical except for one change in the wall-to-foundation connection detail where the
doubler plate in the part of the wall embedded into the footing was replaced by a thicker plate instead. The

updated details and drawings of the C-shape specimen are presented in Appendix C of this report.
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Table 2-4. Properties of the C-shape Specimen

Wall Parameters Units Prototype Init-ial Upd?ted
Specimen Specimen

Wall Height, H in. - 166 166
Flange length, h in. 360.0 100 97.5
Web length, b in. 120.0 30.0 30.0
Steel plate thickness, ts in. 1/2 3/16 3/16
Flange thickness, t; in. 25.0 5.375 6.0
Web thickness, t,, in. 25.0 5.375 8.375
Tie bar spacing (vertical and horizontal) In. 12 8 6
Tie bar diameter In. 1 5/8 7/16
Wall aspect ratio (height to web), H/b - - 5.53 5.53
Cross-section aspect ratio, y=b/h - 0.33 0.30 0.31 (=vp)
Flange aspect ratio, a=t;/h - 0.07 0.054 0.06 (=ay)
Web aspect ratio, g=t,,/b - 0.21 0.18 0.28 (=t,,)
Steel area, As in.2 622 62.0 61.8
Concrete area, Ac in.? 13128 741.0 925.2
Gross area, Ag in.? 13750 802.0 987
Reinforcement ratio of web, p,,,¢;, % 4.2 8.0 4.5
Reinforcement ratio of flange, pfiange % 4.2 6.9 6.3
Reinforcement ratio, pg % 4.5 6.9 6.3
Yield strength, Fy ksi 50 50.0 50
Concrete strength, f. ksi 6 4 4-6
Crushing load of concrete, A.f. kips 78770 2964 3700-5550
Max. achievable axial load, P/A.f, % - 27 15-22
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Figure 2-41. (a) P-M interaction curve for the updated specimen; (b) Normalized P-M curve for the
updated specimen
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Figure 2-42. P-PNA curve for the updated specimen
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Figure 2-43. Change in the steel plate strain in half of a cycle for the updated specimen
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Figure 2-44. P-M interaction curve comparison for variations of material properties

2.3.2 Note on Relationship of T-Shape C-PSW/CF Specimens

Although testing of T-shaped C-PSW/CF is the subject of a separate report, some aspects of the intended
T-shape wall tests are worth mentioning here. First, the intent of those separate tests is to subject the walls
to higher axial load ratio of up to 30% and give valuable experimental data on the behavior of these walls
under these conditions. For comparison, the maximum axial load ratio that was possible to apply on the C-
shape specimen was 15% and 22% of A.f.’, for f,' of 6 and 4ksi, respectively (which is still significant). As
a result, it was foreseen when the final C-shaped walls were designed and ready to be tested, that the
combined testing of T-shaped and C-shaped would allow to explore cyclic inelastic behavior for a range

for different values of axial load ratio, following the testing matrix shown in Figure 2-45.

| Effect of |
! axial load | C-shape
77777777777777 fe=4ksi

P=0.22f/A,
@

| Effectof
! axial load | T-shape
77777777777777 fe=6ksi

P=0.30f, A,
@I

Figure 2-45. C-PSW/CF Specimens testing program

58



The intent was to design and test T-shape walls having a flange of half of the length of the C-shape
wall and similar web dimensions. Figure 2-46 shows the dimensions of the resulting T-shape specimen
cross-section. Using a similar test set-up to the one shown above, an axial load ratio of 30% can be applied
on such a T-shape specimen with concrete infill £ of 6ksi. The T-shape specimen was expected to have
similar resisting characteristics as the C-shape specimen under positive and negative moments. However,
note that local buckling of the steel plates along the flange at the bottom of the wall would have different
shape compared to C-shape specimen. This is because of the shorter available free cross length between the
steel plates of the web that are welded to the interior face of the flange plates and both ends of the flange,
as shown on Figure 2-46.

Figures 2-47 to 2-49 show the P-Mp interaction curve, location of PNA, and strain changes in the
steel face plate under various axial load ratio for the scaled cross-section, respectively, which compares

well with the above results.
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Figure 2-46. T-shape specimen cross-section dimensions
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Figure 2-48. P-PNA curve for the T-shape specimen
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Figure 2-49. Change in the steel plate strain in half of a cycle for the T-shape specimen

2.3.3 Preliminary finite element analyses and results of C-shaped specimens

The details of the developed finite element model for the C-shape specimen are shown in Figures 2-20 and
2-51. Figure 2-52 shows preliminary monotonic and cyclic analyses of the C-shape specimen (under no

axial load). These results were used to develop the testing protocol described in the subsequent sections.

Foundation cage
and connection

-
C-Shape
wall
FEM
Tie rod
connection
consideration

Figure 2-50. Details of the finite element model of C-shape specimen
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(ALS) and Lateral Loading Setup (LLS)
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Figure 2-52. Preliminary monotonic and cyclic analyses of C-shape specimen
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SECTION 3
TESTING OF C-SHAPED COMPOSITE PLATE SHEAR WALLS-

CONCRETE FILLED (C-PSW/CF)

3.1 General

This section presents the results for the two C-Shape Concrete Filled-Composite Plate Shear Walls
(C-PSW/CFs) tested. The properties of tested specimens are presented in Section 3.2. Details of their
fabrication are provided in Section 3.3, with material properties of concrete and steel for both specimens
presented in Section 3.4. Loading protocol and application of axial loading is discussed in Sections 3.5 and

3.6. Finally, step-by-step description of the tests, behaviors observed, and analysis of results are in Section

3.7.

3.2 Properties of Tested Specimens

Table 3-1 summarizes many relevant dimensions and properties for the two C-shapes specimens, namely:
overall dimensions; tie bar spacing and diameter; wall aspect ratios; steel, concrete and gross areas;

reinforcement ratios; yield strength and concrete compressive strength, and target axial loads.



Table 3-1. Properties of the C-shape Specimens

Wall Parameters Units Prototype Cc1 C2
Wall Height, H in. N/A 166 166
Flange length, h in. 360.0 97.5 97.5
Web length, b in. 120.0 30.0 30.0
Steel plate thickness, ts in. 1/2 3/16 3/16
Flange thickness, d in. 25.0 6.0 6.0
Web thickness, ¢ in. 25.0 8.375 8.375
Tie bar spacing (vertical and horizontal) In. 12 6 6
Tie bar diameter In. 1 1/2 1/2
Wall aspect ratio (height to web), H/b N/A N/A 5.53 5.53
Cross-section aspect ratio, y=b/h N/A 0.33 0.31 (=1,) 0.31 (=1,)
Flange aspect ratio, a=d/h N/A 0.07 0.06 (=a,) 0.06 (=ay)
Web aspect ratio, f=c/b N/A 0.21 0.28 (=t,,) 0.28 (=t,,)
Steel area, As in.2 622 61.8 61.8
Concrete area, Ac in.2 13128 925.2 925.2
Gross area, Ag in.2 13750 987 987
Reinforcement ratio of web, p,,.p, % 4.2 4.5 4.5
Reinforcement ratio of flange, pfiange % 4.2 6.3 6.3
Reinforcement ratio, pg % 4.5 6.3 6.3
Yield strength, Fy ksi 50 55.4 55.4
Concrete strength, f. ksi 6 4.5 5.1
Crushing load of concrete, A.f. kips 78770 4163 4719
Target axial load ratio % N/A 22 15
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3.3 Preparation of Specimens

According to the constraints imposed by the SEESL lab equipment and PRP that were described in Section
2.3, in order to reach the target axial load ratio of 0.22 A.f". using the capacity of the available actuators in
the SEESL lab, the first C-shape specimen (i.e., Specimen C1) had to be tested with a concrete strength
equal to 4ksi in its core. In this regard, at regular interval in the days following pouring of the concrete in
the first wall specimen (i.e., Specimen C1), concrete cylinders were tested and the resulting concrete
strength of Specimen C1 was tracked until it reached 4ksi; testing started the day after this strength was
reached. On the other hand, the concrete was allowed to cure for more than 28 days in order to reach its
expected strength of 6 ksi for the second specimen (i.e., Specimen C2); although it was the intent to reach
a strength of 6ksi to apply 15% of concrete force as an axial load, the maximum concrete strength reached
5.1ksi after 30 days, with no significant strength gains after a period of 21 days, and it was decided to
proceed with testing (adjusting the axial load to retain the 0.154.f . axial load target).

For each one of the specimens, the formwork for the concrete footing was first constructed. PVC
pipes were placed inside the footing on a 2f#. center-to-center grid at the locations where DY WIDAG bars
were to be later used to connect the specimens to the SEESL strong floor. The reinforcing cage of the
foundation was tied outside the formwork and then placed in the formwork. Then the empty module of the
wall was positioned into the formwork, clearing the reinforcing bar cages. Additional #10 bars were then
ran through the wall’s flange (in pre-drilled holes) to achieve continuity of the horizontal reinforcement in
the cage in the East-West direction. The pre-drilled holes on the flange through which the #10 bars passed
were sealed to prevent the flow of wet concrete between the wall and the foundation.

For Specimen Cl1, the concrete of the foundation and wall was poured separately and on different
days. As it was mentioned before, the strength of the concrete poured in the wall had to be monitored closely

in order to not exceed the target strength of 44si, but a stronger concrete for the foundation was acceptable.
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Note that many of the tasks required to complete the test setup and instrumentation could only be done after
pouring the foundation concrete. Therefore, the test setup preparation for Specimen C1 was scheduled such
as to have a maximum 5-day window between the wall concrete pouring and the test day.

After one week from the foundation concrete pour, the foundation formwork was removed and the
specimen was positioned (using the over-head crane) at its testing location in front of the SEESL strong
wall. Finite element analysis was performed with the available concrete strength of the foundation to make
sure that the foundation could resist the total specimen weight held from the lifting hooks placed near its
mid-length (see Figure 1-2). Note that, a few minor surface cracks at the top surface of the concrete
foundation were observed during the curing of the foundation. These cracks were considered to be
insignificant and had no structural effect on the behavior of the specimen. The specimen was then post-
tensioned to the strong floor using 24 DYWIDAG bars with 1°/sin. nominal diameter. The DYWIDAGs
were post-tension with 130kips force, which was equal to 70% of their nominal yield load. Next, the strain
gauges, displacement transducers, and other instrumentation were installed. The instrumentation plan for
the C-shape specimens is presented in Appendix D. The wall concrete was poured after installation of the
strain gages. The vertical test setup was assembled and attached afterwards. The lateral actuators were
attached as a final step before testing the specimen.

By contrast, in preparation of Specimen C2, the concrete of the foundation and wall parts were
poured within only a few days of each other; all remaining aspect of test set-up and instrumentation

assembly for the test setup preparation were completed following the above sequence.
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Figure 3-1. Construction sequence of specimens

3.4 Material Properties of Specimens

Three coupons for the steel used in the web and flange of the specimen (identified as p261 and p307,
respectively in the shop drawings of the specimens presented in Appendix C5) were tested under uniaxial
tension, for six coupon tests for each wall specimen. Results are presented in Figures 3-2 and 3-3. A572Gr50
steel was used in construction of the flange and web plates. However, no “yield plateau” was observed in
the stress-strain behavior of the tested coupons. Using the 0.2% offset method, the yield strengths of the
plates were determined to be 54.6 ksi and 56.2 ksi for web and flange plates of Specimen C1, and 52.65ksi
and 57.79ksi for web and flange plates of Specimen C2, respectively. The average yield strengths of the
plates are 55.4ksi for Specimen C1 and 55.24si for Specimen C2.

For concrete, fifteen 3in.X6in. and six 6in.X12in. cylinders were taken for each specimen on the
day of concrete pouring from the concrete batches used for the foundation and the infill of the wall. This
unusually large number of cylinders was taken to allow to keep track of concrete strength over time, to

ensure that the concrete strength in the first C-Shape Wall would not significantly exceed 4 ksi on the day
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of testing, to allow applying close to the target value of 0.224.f". as an axial load when using the vertical

actuators at full capacity. The concrete strength obtained for Specimens C1 and C2 are 4.5ksi and 5.1ksi,

respectively.
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Figure 3-2. Coupon tests of steel plates at web (p261) and flange (p307) for Specimen C1.
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Figure 3-3. Coupon tests of steel plates at web (p261) and flange (p307) for Specimen C2.
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3.5 Loading Protocol of C-Shape Specimens

The cyclic testing protocol was designed based on the yield displacements obtained from the Finite Element
Analysis (FEA) of Specimen C1. The model was run based on the expected material behavior of the steel
and concrete. The result of the average of steel coupon tests (Fy = 55.4 ksi) was directly input into the model
and the concrete strength was assumed to be 4 ksi. Figure 3-4 shows the result of pushover curves both in
positive and negative direction and the bi-linear curve estimation for the pushover curves. The yield
displacements (A,) in positive and negative directions are 1in. and 0.5in., respectively. However, the loading
protocol was created based on yield displacements obtained from the estimated bi-linear curve estimation
for both directions (A,’), which are 1.75in. in the positive direction and 1.5in. in the negative direction as
in Figure 3-4. To facilitate the comparison, both C-Shaped specimens were subjected to the same cyclic
displacement loading protocol that was created for Specimen C1.

Up to the equivalent yield displacements (+1.75in./~-1.5in.) obtained from bi-linear estimation of
pushover curves, specimens are cycled in force-controlled mode for the first 10 cycles. Beyond that,
specimen is tested in displacement-controlled mode. The resulting loading protocol is shown in Figure 3-5.
There are only two cycles per drift amplitude in force-controlled cycles. However, the number of cycles
per drift amplitude in the displacement-controlled cycles is increased to three up to maximum capacity of
specimens (+35.25 in./-4.50 in.), and then the number of cycles is decreased to two for the subsequent cycles.
Note that the original protocol contains only two cycles at 6% drift, but, as will be shown later, specimens
were cycled repeatedly beyond that, as needed to observe the further progression of fracture. Drifts were

limited to 6% for safety reasons, to keep the specimen stable upon substantial strength degradation.
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Figure 3-5. Loading protocol for C-Shaped specimens.

3.6 Application of Axial Loading on the C-Shape Specimens

The centroid of C-Shaped specimens is located at 9.11 in. from the flange. However, for practical reasons,
the axial loading was applied centered on the top of flange rather than at the centroid. This resulted in a
moment due to the eccentricity of the axial load, as shown in Figure 3-6, which was taken into account

when post-processing the experimental results.
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Figure 3-6. Location of centroid and center line of axial load for C-Shaped wall specimens.

Two options for applying the axial load, as part of the test protocol, were considered. In Option 1,
before applying the axial loading, the horizontal actuators are locked at the initial point of zero horizontal
displacement. By contrast, in Option 2, the lateral actuators are not locked. Option 1 was deemed preferable
and chosen for this experimental program because, without locking the lateral actuator, the specimens could
have moved laterally upon application of the axial load due to the moment created by the eccentricity of

the axial load.
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Figure 3-7. Two options for the testing scheme of C-Shaped walls.

The vertical actuators were driven in a force-controlled mode such as to apply constant axial force
to the specimen cross-section. The summation of the axial force in the vertical actuators was tracked during
testing to verify that it remained constant throughout the tests, as shown in Figure 3-8. The distribution of
axial strains across the cross-section were also tracked after engaging the vertical actuators, to verify that
the cross-section was subjected to uniform stresses under the applied axial loading, even though loading
was only applied to the flange. Results obtained from the strain gauges located in the plastic hinge region
of the specimen confirmed that this was the case, as shown in Figure 3-9 for normalized axial strains across

a cross-section at 17.4in. from the top of footing on Specimen Cl1.
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Figure 3-9. Normalized axial strains of the strain gauges at 17.4 in from the top of footing on
Specimen C1

3.7 Test Observations and Results

Specimens C1 and C2 were tested under the axial and cyclic loading protocols discussed in Section 3.5. As
discussed before, the cyclic lateral displacement testing protocol was designed based on a computation of

the yield points (for both positive and negative bending) obtained from finite element analysis of Specimen
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Cl1. To facilitate comparison of results, Specimen C2 was also subjected to the same cyclic lateral

displacement history as Specimen C1.
3.7.1 Specimen C1

Testing started by loading the vertical actuators while the horizontal actuators were held at zero
displacement. The forces in the vertical actuators were increased up to their full capacity. The vertical
actuators that were used for applying the axial load on the specimen were two MTS ASSY-243.90T
actuators with a nominal capacity of 450kips in tension. However, it turned-out that the controller device at
SEESL lab only allowed the actuators to be loaded up to 425kips, which resulted in application of 19% of
A.f. on the cross-section of the C-shape wall (note that the actuators are regularly calibrated, so the
inability to apply the full 450 kips could not be resolved). Then, the lateral actuators were loaded to apply
the lateral cyclic displacements at the top of the specimen according to the pre-determined cyclic protocol.
The first cycle of the loading protocol, at the displacement of A,/4, enabled to verify if all the attached data
recording instruments were working properly and that no un-foreseen deficiencies existed in the specimen
and the test setup. None of the components of steel plates of the specimen experienced any buckling or
yielding and the same behavior was observed in all of excursions cycles at amplitudes of A,/2, and 3A,/4.

At the positive peak of the estimated displacement of A,, the strain recorded at the farthest end of
the web was -1940.6ustrain, which is 101.6 % of the average measured yield strain (i.e., 1910ustrain) of
the steel plate based on the coupon tests. The strain recorded at the negative peak of the estimated
displacement of A, at the flange was -584.8 ustrain (30.6 % of the average measured yield strain). In the
second excursion at the same drift, the strain values did not change much (103.7% in the web and 30.98%
in the flange). In addition, no local buckling was observed at this cycle amplitude.

The specimen was cycled with an additional displacement amplitude of 1.375A,. In the first
excursion of the cycle, the strains in the web at the peak positive drift and in the flange at the peak negative

drift were -2897 ustrain and -887.2 ustrain (151.7% and 46.5% of the estimated yield strain, €,) and the
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strains did not change much during the following excursion at the same drift (161% and 46.8% of the
estimated yield strain, g, in the web and flange, respectively).

Note that from that point onward, the specimen was cycled following a protocol defined by yield
displacements obtained from the estimated bi-linear curve for both directions (A, ), which are 1.75in. in the
positive direction and 1.5in. in the negative direction, as shown in Figure 3-4. This equivalent bi-linear
yield defined the size of displacement increments (such as 1.5A,°, 2.0A,° 3.0A,” 4.0A,” 5.0A,’ and 6.0A,")
instead of first yield displacement (A,) corresponding to when the outermost cross-section fiber has yielded.
At a lateral displacement equal to 1A,’ (i.e., Cycle 11), strain gauges showed that approximately 26.7% of
the entire cross-section (30in.) between the first and second tie bar rows and 13% between the second and
third tie bar rows above the top of foundation had yielded with no visual observation of local buckling.
During the second excursion at the same drift (i.e., Cycle 12), yield percentage of the cross section between
the first and second tie bar rows and between the second and third tie bar rows remained the same as in the
previous cycle. Note that during the test, the third excursion at this amplitude was skipped (i.e., Cycle 13).
In an attempt to capture the drift at which the plastic moment capacity was reached at the cross-section, the
specimen was cycled with an additional displacement amplitude of 1.5A,” (i.e., Cycle 14) even though this
cycle amplitude was not defined in the original loading protocol. In the first excursion of the cycle, strain
gauges showed that approximately 30% of the entire cross-section had yielded with no visual observation
of local buckling. Some minor cracks at the surface of the concrete foundation were observed locally near
the wall’s web and flange corners. The white wash paint on the interface of foundation and steel plate also
flaked off a bit.

During the second excursion at the same drift (i.e., Cycle 15), when the strain gauge recorded
3672ustrain, local buckling was observed on the web at approximately 3in. from the top of the foundation
at the end of the North Web (NW) and between the 1* and 2™ tie bar rows on the South face of the North
Web (referred to labeled as NWS afterwards) (C15P in Figure 3-10). At peak displacement during the third

excursion (i.e., Cycle 16), the steel plate between the 1+ and 2 tie bar rows started to buckle at the North
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face of the South Web (referred to as SWN afterwards) and at the North face of North Web (referred to as
NWN afterwards), and at the South face of the South Web (referred to as SWS afterwards). Also, another
occurrence of local buckling was observed between the foundation level and the 1*' tie bar row at NWS and
SWN (refer to C16P in Figures 3-10, 3-12, 3-14, and 3-16).

At the lateral displacement equal to 2A,’ (i.e., Cycle 17), the lateral load capacity reached the
maximum values of 280kip /-158kip in the positive and in the negative drift directions, respectively. After
first cycle at the same drift (i.e., Cycle 17 with amplitude of 3.5in. and -3in.), the test was stopped to be
continued next day. In order to return the specimen to an unloaded condition first, the horizontal actuators
were held at zero displacement, then the vertical actuators were unloaded, and eventually the displacement
control of the horizontal actuators was released and the actuator hydraulic pumps were shot off. Testing on
the second day started by loading the actuators using the same sequence that was followed on the previous
day at the beginning of the test. Testing resumed with execution of Cycle 18. It should be noted that the
maximum force of 328.9kips was reached in the positive direction of Cycle 18 (+3.5 in.), on the second
day of the test during the second displacement excursion after axial load reloading. In addition to the
previously observed buckled locations, a slight buckling was observed to develop in the steel plate between
the 3™ and 4" tie bar rows at SWN, NWS, SWS, and NWS. Moreover, local buckling initiated at the East
elevation of the Flange (referred to as FE afterwards) between the 1 and 2™ tie bar rows (refer to C18N
cycle in Figure 3-15). A small fracture initiation was detected in the steel plate at SW with no drop in the
strength in the last excursion (i.e., Cycle 19).

In the first cycle of 3A,” displacement (i.e., Cycle 20), the lateral horizontal force dropped by about
15% in the positive displacement direction. In the negative drift, a maximum force of 160.5kips was reached
when the specimen was displaced by -4.5 in. An additional local buckling was observed to initiate between
the 2™ and 3™ tie bar rows at SWS and NWN. Also, fracture started to occur at the corners of NWS and
NW at the foundation level and propagated towards the buckled locations on each side, following an

inclined path. The fractures were approximately 4in. long at NWS; and 1.5in. at NW. The East face of
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North Web (referred to as NWE this point forward) buckled between the 1*' and 2™ tie bar rows. Moreover,
an additional buckling wave was observed to develop at NW and SW at approximately 11in. from the top
of the foundation. In the second excursion (i.e., Cycle 21), the cracks on the steel plate grew to Sin. and 4in.
at NWS and NW, respectively. Also, another fracture was observed to initiate at the corner of SW and SWN
at lin. above the top of the foundation, being approximately lin. in length on both sides. In the last cycle
of the displacement amplitude of 3A,’(i.e., Cycle 22), the fractures reached lengths of 6in. at NWS; 6in. at
NW; 2.5in. at SW, and 3in. at SWN.

In the displacement that was equal to 4A,’ (i.e., positive peak of Cycle 23), the drop in lateral
horizontal force in the positive direction was 34.7 %, but 23.7 % in the negative direction. Another buckling
wave was observed to develop at the SW at 17in. from the top of the foundation. Cracks grew to 4.5 in. at
SW; 6.125 in. at NW; 8 in. at NWS; and 5 in. at SWN. Additional cracks occurred at this drift, namely: a 2
in. crack at SW at 5 in. from the foundation; a 2 in. crack at NW at 4 in. from top of the foundation; a 6 in.
crack at NWN, and; a 2 in. crack at SWS. Also, the East face of South Web (referred to as SWE after this
point) buckled between the 1 and 2™ tie bar rows. Two tie bars at the 1 row at SWS failed. The failure
consisted of a fracture at the tie bar weld to the steel plate. In the second excursion (i.e., Cycle 24), weld
where the thicker wall plate (inside the foundation) was welded to the wall plate was observed to be
fractured for about 0.75 in. at the corner of the wall at the South-East corner. At this stage, 34 % of the web
length (8.25 in. out of 24 in.) at NW and 28% of web length (6.75 in. out of 24 in.) at SW was fractured.

The lateral horizontal force dropped by 43.4 % in the positive and 55 % in the negative directions
when the specimen was displaced by 5A,’ (i.e., Cycle 25). The cross-section fractured by 58% at SW and
42% at NW in this cycle. Also, two tie bars at NWS in the first tie bar rows was observed to be fractured.
In the second cycle (i.e., Cycle 26), the fracture in SWE grew to 1.5 in., and 64% at SW and 60% at NW.

At the 6A,’ displacement amplitude (i.e., Cycle 27), peak lateral horizontal force had dropped by
53.3 % in the positive and 71.4 % in the negative directions. The web steel was fractured over 75% of its

original area at SW and 73 % at NW. Also, a lin. fracture along flange was detected at NWE. In the next
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excursion (i.e., Cycle 28), the cracks at SWE and NWE grew to 8in. and 2.5in. along the flange, respectively.
During the third excursion at that displacement amplitude (.e., Cycle 29), 77 % of the SW web steel and §1
% of the NW one was fractured. The cracks at SWE extended to 36.75in. along the flange and 3.5in. toward
the web, but the length of fracture at NWE stayed at 4 in along the flange and 3.5in. towards the web. In
the last cycle (i.e., Cycle 30), onset of cracking in the steel plate around some of the tie bars was observed
in some locations along the first and second tie bar rows in the FE, where the largest crack width observed
was Y47 but less in most cases (it could not be ascertained if the crack was across the full thickness of the
plate or just a surface crack). The test was stopped that this point due to safety concerns.

The details on the progression of buckling and fracture is tabulated in Table 3-2. Also, Figures 3-10
to 3-17 show the progressive development of the phenomena described above at locations NW and NWS;
SW and SWN; SWS and FE; and NWN of Specimen C1. Labels CnP and CnN in these figures respectively
refer to peak positive and negative displacements during Cycle n. For example, C/5P means the maximum

positive displacement attained during the fifteenth cycle during the test.
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Table 3-2. Experiment log of Specimen C1

Note: 1 in. =25.4 mm; 1ft=0.3048 m; 1sq in.=645.2 mm?; 1 in*=416231 mm*; 1 psi=0.0069 MPa; 1 ksi=6.9 MPa
q p

Laterally
Cycle  Cycle Applied FE NWW NWN NWS SWW SWN SWS NWE SWE
No Drift, in Force, V,
kips
15 2.63/-225 254.4/-140 B @ 3in FF B@ Ist2nd TR B @3in FF
16 2.63/-225 249.6/-138.4 B @lst-2nd TR B@Ist:2nd TR B @lst-2nd TR
17 353 280.3/-157.6 B @FF-1st TR B @FF-1st TR
8 3.5 328.9 B @3rd-4th TR B @3rd-4th TR B @3rd-4th TR B @3rd-4th TR
3 -154.4 B @lst-2nd TR
19 35 260
3 -148.8
20 525 2822 B @2nd-3rd TR B @2nd-3rd TR
45 -160.8 1.5in. FR 4in. FR B @lst-2nd TR
. 525 234 B @ 11in FF B @11in FF
45 -146.3 4in. FR Sin. FR lin. FR lin. FR
” 525 216
45 -132.1 6in. FR 6in. FR 2.5in. FR 3in. FR
7 2149 B @!17in FF
’ 2in. FR
-6 -122.8 6.125in. FR 6in. FR 8in. FR 4.5in. FR Sin. FR WFR @lrlc & B @lst-2nd TR
1r2¢c
" 7 1874 0.75in. FR
-6 -88.71 34% FR 34% FR 28% FR 28% FR
8.75 185.8
)5 42%FR,
75 7327 42% FR WFR @lrlc, 58% FR 58% FR
@1r2c
y 8.75 156.7 1.5in. FR
75 52.5 60% FR 60% FR 64% FR 64% FR
- 10.5 153.6 lin. FR
9 -47.48 73% FR 73% FR 75% FR 75% FR
58 10.5 125.6 2.5in. FR 8in. FR
-9 37.12
2 10.5 108.8 36.75in. FR 4in. FR
-9 -31.97 81% FR 81% FR 77% FR 77% FR
20 10.5 98.35
-9 -28.22 81% FR 81% FR 77% FR 77% FR

Note: The steel plate faces are abbreviated as follows: FE = the East Flange, NWW = West of North Web, NWN = North of North Web, NWS = South of North Web, SWW = West of South Web, SWN = North of
South Web, SWS = South of South Web, NWE = East of North Web, and SWE = East of South Web. Also, FF means “from footing”, FR is fracture, B is buckling, TR is tie bar row, WFR is tie bar weld fracture, r is
tie bar row, and c is tie bar column
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Figure 3-10. South-West views of the North Web of Specimen C1 at positive peaks
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Figure 3-11. South-West views of the North Web of Specimen C1 at negative peaks
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Figure 3-12. North-West views of the South Web of Specimen C1 at positive peaks
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Figure 3-13. North-West views of the South Web of Specimen C1 at negative peaks
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Figure 3-14. East view of the flange and South-East view of the South web of Specimen C1 at positive
peaks
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Figure 3-15. East view of the flange and South-East view of the South web of Specimen C1 at negative
peaks
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Figure 3-16. North-West views of the North Web of Specimen C1 at positive peaks
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Figure 3-17. North-West views of the North Web of Specimen C1 at negative peaks
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3.7.2 Specimen C2

As was done for Specimen C1, testing started by loading the vertical actuators while the horizontal actuators
were held at zero displacement. The forces in the vertical actuators were increased up to 400kips to apply
15% of A.f, on the cross-section of the C-shape wall. Then, the lateral actuators were loaded to apply the
lateral cyclic displacements at the top of the specimen according to the pre-determined cyclic protocol.
The first cycle of the loading protocol, at the displacement of A,/4, enabled to verify if all the attached data
recording instruments were working properly and that no unforeseen deficiencies existed in the specimen
and the test setup. The second cycle of the same displacement (A,/4) was skipped. None of the components
of steel plates of the specimen experienced any buckling or yielding through all of the excursion cycles at
amplitudes of A,/2, and 3A,/4.

At the positive peak of the estimated displacement of A,, the strain recorded at the farthest end of
the web was -2041ustrain, which is 105 % of the average measured yield strain (i.e., 1944 ustrain) of the
steel plate based on the coupon tests. The strain recorded at the negative peak of the estimated displacement
of A, in the flange was -534.6 ustrain (27.5 % of the average measured yield strain). In the second excursion
at the same drift, the strain values did not change much (107% in the web and 27.8% in the flange). In
addition, no local buckling was observed at this cycle amplitude.

The specimen was cycled with an additional displacement amplitude of 1.375A,. In the first
excursion of the cycle, the strains in the web at the peak positive drift and in the flange at the peak negative
drift were -3360 ustrain and -837.8 ustrain (173% and 43.1% of the estimated yield strain of €,) and during
the following excursion at the same drift (i.e., Cycle 10), strain gauges showed similar results (175% and
45% of &,in the webs and in the flange) showed 250% with no visual buckling.

After Cycle 10 (i.e., amplitude of 1.375in. and -1in.), the test was paused to continue the next day.
First, the horizontal actuators were held at zero displacement, then the vertical actuators were unloaded,
and finally the displacement control of the horizontal actuators was released. Testing on the second day

started by loading the actuators using the same sequence that was followed on the previous day at the
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beginning of the test. However, after getting the true strength of concrete from unconfined cylinders tested
overnight, the forces in the vertical actuators were changed from 400kips to 360kips to apply an axial force
closer to the target of 15% of A.f; on the cross-section of the C-shape wall. This is because, in the early
part of the test, the concrete strength was assumed to be 6ksi but it was found out to be only 5.1ksi from the
cylinder tests. Then, testing resumed with execution of Cycle 11.

As done for Specimen Cl1, from this point onward, the specimen was cycled with yield
displacements obtained from the estimated bi-linear curve for both directions (A,’), and target amplitudes
calculated as 1.5A,° 2.0A,° 3.0A,” 4.0A,° 5.0A,° and 6.0A,’ (instead of values calculated as a function of
first yield displacement, A,). At a lateral displacement equal to 1.0A,’ (i.e., Cycle 11), strain gauges showed
that approximately 26.7% of the entire cross-section (30in.) between the first and second tie bar rows and
17% between the second and third tie bar rows above the top of foundation had yielded with no visual
observation of local buckling. During the second excursion at the same drift (i.e., Cycle 12), yield
percentage of the cross section between the first and second tie bar rows and between the second and third
tie bar rows increased a bit (up to the values of 27% and 17.3%, respectively). Note that during the test, the
third excursion at this amplitude was skipped (i.e., Cycle 13).

At the displacement amplitude of 1.5A,’ (i.e., Cycle 14), local buckling initiation was observed
from 2in. above the top of foundation on the West face of the North Web (NWW) and the West face of the
South Web (SWW). During the second excursion at the same drift (i.e., Cycle 15), local buckling was
observed in the steel plate between the 1+ and 2% tie bar rows on the South face of the South Web (SWS),
3" and 4™ tie bar rows on the North face and South face of North Web (NWN and NWS), and 3™ and 4"
tie bar rows on the North face of the South Web (C15P in Figure 3-18). At peak displacement during the
third excursion (i.e., Cycle 16), the steel plate between the 1+ and 2™ tie bar rows started to buckle at NWS.
Also, another occurrence of local buckling was observed between the 2™ and 3 tie bar rows on the North

face of the South Web (SWN) (refer to C16P in Figures 3-18 and 3-20).
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At the lateral displacement equal to 2A,” (i.e., Cycle 17), a maximum lateral force of
319.8kips/-156.6kips was reached both in the positive and negative drift directions, respectively. In addition
to the previously observed buckled locations, buckling was observed to develop in the steel plate between
the top of the foundation and the 1% tie bar row and between the 1*' and 2™ tie bar rows at NWN (C17P in
Figure 3-24) and a slight buckling was detected between the 5™ and 6" tie bar rows at NWS. In the negative
drift direction, buckling started to initiate in the East face of Flange (FE) between the 1% and 2™ tie bar rows
(C17N in Figure 3-23). Also, over a depth of lin., concrete in the foundation at the corners of NWW and
NWS; and SWW and SWN detached and lifted a bit. In the second excursion of the same drift (i.e., Cycle
18), additional buckling was observed between the 3™ and 4™ tie bar rows and between the top of foundation
and the 1*" tie bar row at SWN. No significant change was observed during the last excursion at the same
drift (i.e., Cycle 19).

In the first cycle of 3A, " displacement (i.e., Cycle 20), the lateral horizontal force dropped by about
4% in the positive displacement direction and by 10% in the negative drift. No change was observed in the
positive direction, but in the negative direction, the steel fractured at the corners of NWS and NWW; and
SWN and SWW at the foundation level. The fracture at NWW was 0.5in. along the plate and the fracture
at South Web (SW) was 3.5in. along SWW and 4.5in. along SWN. During the positive drift of the second
excursion (i.e., Cycle 21), buckling started at 13in. from the top of the foundation at NWW. During the
negative drift of the cycle, the steel plate on the East face of the South Web (SWE) in the box section in the
corner of FE and SWS started to buckle. The fractures grew to 5-1/8in. at NWW and 4in. at NWS starting
from the foundation level and propagating towards the buckled location, following an inclined path. Also,
the growth in fractures were 4-3/4in. at SWW and 5-1/4in. at SWN at foundation level. In the last cycle at
the displacement amplitude of 3A,’ (i.e., Cycle 22), the fractures reached lengths of 5in. (inclined) at NWS;
6in. at NWW; 5.25in. at SWW, and 6.5in. (horizontal) at SWN. Moreover, the steel plate at the East face

of the North Web (NWE) in the box section in the corner of FE and NWN buckled.
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At the peak of the displacement at a drift equal to 4A,’(i.e., positive peak of Cycle 23), the drop in
lateral horizontal force in the positive direction was 27.9%, and 28.8% in the negative direction. Another
buckling wave was observed at the SWW at 13in. from the top of the foundation. During the negative drift,
additional cracks developed at 4.5in. from the top of foundation; 2.5in. long at NWN and 1.5in. long at
NWW. The existing cracks from previous cycles grew to 7.25in. at NWW at the foundation level; 8in.
(inclined) at NWS; reached complete fracture (inclined) at SWW; and 10.5in. at SWN. Additional cracks
occurred 4in.from the top of foundation and 7.25in. long at SWS. Note that the crack at NWS passed
through tie bar at the 1% row and 1* column of tie bars (recall that vertical lines of ties, called “columns”
here, are numbered starting from the tip of the web, i.e. farthest point from the flange) and the crack at
SWN passed through tie bar at 1% row and 2™ column of tie bars and at the peak of negative drift of the
second excursion (i.e., Cycle 24), 42% of the web length (10in. out of 24in.) at North Web (NW) and 46.4%
of web length (11-1/8in. out of 24in.) at South Web (SW) were fractured).

The lateral horizontal force dropped by 40% in the positive and 52.2% in the negative directions
when the specimen was displaced by 5A,’ (i.e., Cycle 25). In the positive direction, the steel plates between
the 2" and 3™ tie bar rows at NWS, NWN, and SWS buckled. The cross-section fractured by 57.3% at SW
and 46% at NW during the negative drift of the cycle. Also, the weld of tie bar at SWS in the first tie bar
rows and second tie bar column on the web face plate was observed to be fractured. In the second cycle
(i.e., Cycle 26), the fractures grew to 64% at SW and 62.5% at NW. Also, the welds of the tie bars in the
first row at NWN fractured.

At the 6 A, displacement amplitude (i.e., Cycle 27), peak lateral horizontal force had dropped by
48% in the positive and 69.3% in the negative directions. The web steel was fractured over 60.4% of its
original area at SW and 68.8% at NW. The following tie bar welds were fractured: the weld around all tie
bars in the 1% row at SWS and 1% row and 3™ column from end web plate at SWN. After this cycle, the test
was paused to continue the next day. The same procedure explained before was accomplished to unload the

specimen and reload it the next day. The test continued with cycle 28. In the next excursion (i.e., Cycle 28),
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a crack developed in the foundation level at the corner of SWE and SWS; 1.5in. at SWS and 2.5in. along
the flange, respectively. The fracture grew to 64.6% at SW and 70.8% at NW. Two tie bars on the 2™ row,
at the and 1*' and 2™ column from web plate, fractured. Also, a vertical crack developed (2in. long) at the
corner weld of NWW and NWN. During the third excursion at that displacement amplitude (i.e., Cycle 29),
the cracks at SWE corner extended to 3in. along the flange and 2.75in. toward the web in the positive drift
of the cycle. In the negative drift, 66.7% of the SW web steel and 71% of the NW one were fractured. Also,
another weld of a tie bar on the 2™ row at the 3™ column from web plate was fractured. In the last cycle
(i.e., Cycle 30), the cracks grew to 3-1/8in. along the flange and 3in. toward the web. In the negative
excursion, the fracture at SW grew to 68.75% of the web length and the fracture at NW became 73%.

The details on the progression of buckling and fracture is tabulated in Table 3-3. Also, Figures 3-18
to 3-25 show the progressive development of the phenomena described above at locations NWW and NWS;
SWW and SWN; NWN and FE; and NWN of Specimen C2. Labels CnP and CnN in these figures refer to
peak positive and negative displacements during Cycle n. For example, C16P means the maximum positive

displacement attained during the sixteenth cycle during the test.
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Table 3-3. Experiment log of Specimen C2

(Note: 1 in. = 25.4 mm; 1£t=0.3048 m; 1sq in.=645.2 mm?; 1 in*=416231 mm*; 1 psi=0.0069 MPa; 1 ksi=6.9 MPa)

Cycle Cycle therally
yele - A pplied Force, FE NWW NWN NWS SWW SWN SWS NWE SWE
No Drift, in V, kips
14 263225  301.3-1433 B @2in FF B @2in FF
15 2.63-225  292.1/-141.7 B @3rd-4th TR B @3rd-4th TR B @3rd-4th TR B @lst-2nd TR
16 2.63-225  285.4/-139.5 B @1st-2nd TR B @2nd-3rd TR
17 3.513 319.8/-156.6 B @Ist-2nd TR B@Ist-2nd TR B @5th-6th TR
s 3.5 303 B @3rd-4th TR
3 -149.8
35 294.1
19 3 -143.9
" 5.25 308.1
45 -154.9 0.5in. FR 3.5in. FR 4.5in. FR
. 5.25 259.9 B @13in FF
45 -138.6 5.125in. FR 4in. FR 4.75in. FR 5.25in. FR B @Ist-2nd TR
= 5.5 240.4
45 21253 6in. FR Sin. FR 5.25in. FR 6.5in. FR B @Ist-2nd TR
7 230.9 B @13in FF
2 -6 1117 7.25in. FR 2.5in. FR nggl'@gilc 8.375in. FR “l,gﬁ%fgc 7.25in. FR
9 7 198.7
-6 -80.98 42% FR 42% FR 46.4% FR 46.4% FR
8.75 1923 B@2nd-3rd TR B @2nd-3rd TR B @2nd-3rd TR
0,
2 75 7478 46% FR 46% FR 57.3% FR Vs;g %}E’C
8.75 162.9
2 62.5% FR,
75 -51.96 WFR @lrlc, 62.5% FR 54% FR 54% FR
1r2c, 1r3¢
10.5 167
, 60.4% FR
27 -9 -48.12 68.8% FR 68.8% FR \f}gﬁ %F]%C WFR1 r%z)clrlc,
10.5 144.7 1.5in. FR 2.5in. FR
. 70.8% FR,
28 9 -39.41 ng'lff /égg’c WFR @2rlc, 64.6% FR 64.6% FR
Tie F @2r2c¢
10.5 126.6 2.75in. FR 3in. FR
0,
2 -9 32,97 W7FIRA]((£§1"30 71% FR 66.7% FR 66.7% FR
%0 10.5 115.7 3in. FR 3.125in. FR
-9 -28.53 73% FR 73% FR 68.75% FR 68.75% FR

Note: The steel plate faces are abbreviated as follows: FE = the East Flange, NWW = West of North Web, NWN = North of North Web, NWS = South of North Web, SWW = West of South Web, SWN = North
of South Web, SWS = South of South Web, NWE = East of North Web, and SWE = East of South Web. Also, FF means “from footing”, FR is fracture, B is buckling, TR is tie bar row, WFR is tie bar weld
fracture, r is tie bar row, and c is tie bar column
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Figure 3-18. South-West views of the North Web of Specimen C2 at positive peaks
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Figure 3-19. South-West views of the North Web of Specimen C2 at negative peaks
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Figure 3-20. North-West views of the South Web of Specimen C2 at positive peaks
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Figure 3-21. North-West views of the South Web of Specimen C2 at negative peaks
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Figure 3-22. East view of the flange and North-East view of the North web of Specimen C2 at
positive peaks
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Figure 3-23. East view of the flange and North-East view of the North web of Specimen C2 at
negative peaks
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Figure 3-24. North-West views of the North Web of Specimen C2 at positive peaks
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Figure 3-25. North-West views of the North Web of Specimen C2 at negative peaks
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3.7.3 Test Data Analysis

The experimentally-obtained applied lateral force versus top lateral drifts for Specimen C1 and Specimen
C2 are shown in Figure 3-26a and Figure 3-26b, respectively. The vertical axis shows the horizontal force
applied to the specimen, which is equal to the value recorded by the lateral actuators (not equal to the shear
force applied to the specimen, because the force shown in this figure is not yet corrected to subtract the
horizontal components of the vertical actuator forces, which only cancel each other when the drift is equal
to zero). The lateral drift was calculated by dividing the top of the wall’s lateral displacement by the distance
from top of the foundation to the centerline of the lateral actuator’s attachment head. The points when some
of the key observations were made during the test (corresponding to the onset of visible local buckling on
the web and flange and maximum strengths at negative and positive displacements) are marked on these
curves.

As it was mentioned before, the testing of each specimen was performed during several days. For
Specimen C1, the loading protocol was executed until the end of Cycle 17, which was the first cycle with
an amplitude of +3.5in. and -3.0in. in positive and negative directions, respectively. Then the vertical
actuators were unloaded and the testing was continued and finished on the next day. It should be noted that
during the first half-cycle of the second test day (i.e., Cycle 18), the force readings in the horizontal actuators
went abnormally high when compared to prior and following cycles. The recorded peak value at this
positive half-cycle was 328.9kips. The difference of force between the positive peak at Cycle 18 and the
corresponding peak at the following cycle, which had the same amplitude was 49.4kips. This cycle is
highlighted in Figure 3-27, which shows the same force-displacement relationship as in Figure 3-26a. This
recorded peak value seems to be an outlier and is believed to be possibly due to a recording error in the
lateral actuator controllers or the data acquisition system given that it only appeared during the first half-
cycle of horizontal loading at the beginning of the test on the second day, even though such an error was
not logged during the test. There are no reasons to believe that the specimen could have benefited from

such an increase in material strength overnight. Therefore, the force values of the first half of Cycle 18 was



not taken into account in the subsequent calculations related to wall strength. However, this was not
observed in the test result of Specimen C2.

The moment resisted by the wall at its base was calculated by separating the horizontal components
of the force of the two vertical actuators that applied axial load on the wall. As it was discussed before, the
actuators used for the axial load application were placed with an inclination angle of 70 degrees from the
strong floor and toward the wall (see Figure 3-28a). The trajectories of the axes of these actuators intersect
above the centerline of the flange of the wall. At the point of zero horizontal displacement at the top of the
wall, the horizontal components of the forces in the two vertical actuators are equal and in opposite
directions. At non-zero displacements of the top of the wall, as the inclination angles of the vertical actuators
change, the summation of the horizontal components of the forces in these actuators develops an extra force
that has to be carried by the horizontal actuators. The free-body diagram of the forces (at zero displacement)
is shown in Figure 3-28b. The moment resisted by the wall at its base was calculated according to the free-

body diagram shown in Figure 3-28b by Equation (3.1):

Mbase:mXFH-FTOP)X(FVl-l_FVZ) @3.1)

Figure 3-29a and Figure 3-29b show the calculated base moment resisted by the wall versus the top
of the wall’s drift for Specimen C1 and Specimen C2. The peak displacements and corresponding base
moments for each cycle of the Specimen C1 and C2 test are presented in the Tables 3-4 and 3-5.

To determine the ductility reached (u), an effective yield displacement (d,..;) was taken as the
displacement corresponding to the intersection of a line tangent to the initial slope of the resulting pushover
curve and a horizontal line set at the level of the maximum base moment obtained from test, Mpuse,mar. The
displacement obtained at 0.8 Mpuse,max after post-peak of the backbone curve of the test setup was taken for
the ultimate displacement (d,). Then, using Equation 3.2, ductility was calculated and was found to exceed

4 (i.e., 4.02/-4.3 in the positive and negative directions for both specimens).
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Table 3-4. Peak displacements and corresponding base moments for each cycle of Specimen C1

test

. Base . Base

Cycle Label Dlsplzzf]ement, Moment, Cycle Label Disp lz;;ement, Moment,
’ Kip.ft ' Kip.ft
1 C1P 0.25 679 16 Cl6P 2.63 3082
CIN -0.13 -286 C16N -2.25 -2307
) C2P 0.25 681 17 C17P 3.50 3511
C2N -0.13 -289 CI17N -3.00 -2584
3 C3P 0.50 1140 18 C18P 3.43 4178
C3N -0.25 -593 CI18N -3.07 -2538
4 C4P 0.50 1121 19 C19p 3.43 3235
C4AN -0.25 -597 CI9N -3.07 -2461
5 C5P 0.75 1510 20 C20P 5.18 3254
C5N -0.38 -808 C20N -4.57 -2631
6 Co6P 0.75 1481 71 C21P 5.18 2875
C6N -0.38 -798 C2IN -4.57 -2435
7 C7P 1.00 1819 2 C22P 5.18 2633
CIN -0.50 -957 C22N -4.57 -2240
3 C8P 1.00 1784 23 C23P 6.93 2593
C8N -0.50 -953 C23N -6.07 -1956
9 C9pP 1.38 2244 24 C24P 6.93 2252
CON -1.00 -1484 C24N -6.06 -1630
10 C10P 1.38 2222 25 C25P 8.68 2232
CI10N -1.00 -1473 C25N -7.56 -1318
1 C11P 1.75 2598 2 C26P 8.67 1840
C1IN -1.50 -1907 C26N -7.56 -1157
12 C12P 1.75 2556 27 C27P 10.42 1816
CI12N -1.50 -1892 C27N -9.06 -1079
13 C13P Skipped N/A 23 C28P 10.43 1429
C13N Skipped N/A C28N -9.07 -958
14 C14P 2.63 3240 29 C29P 10.43 1197
C14N -2.25 -2363 C29N -9.06 -887
15 C15P 2.63 3149 30 C30P 10.43 1053
C15N -2.25 -2329 C30N -9.07 -836
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Table 3-5. Peak displacements and corresponding base moments for each cycle of Specimen C2

test

. Base . Base

Cycle Label Dlsplzzf]ement, Moment, Cycle Label Disp lz;;ement, Moment,
’ Kip.ft ' Kip.ft
1 C1P 0.25 703 16 Cl6P 2.63 3656
CIN -0.13 -302 C16N -2.25 -2261
) C2p Skipped N/A 17 C17P 3.50 4138
C2N Skipped N/A CI7N -3.00 -2503
3 C3pP 0.50 1315 18 C18P 3.43 3915
C3N -0.25 -612 CI18N -3.07 -2410
4 C4P 0.50 1316 19 C19p 3.43 3783
C4N -0.25 -610 CI9N -3.07 -2332
5 C5P 0.75 1779 20 C20P 5.18 3984
C5N -0.38 -794 C20N -4.57 -2493
6 Co6P 0.75 1731 71 C21P 5.18 3325
C6N -0.38 -787 C2IN -4.57 -2268
7 C7P 1.00 2103 2 C22P 5.18 3054
C7N -0.50 -943 C22N -4.57 -2085
3 C8P 1.00 2072 23 C23P 6.93 2937
C8N -0.50 -940 C23N -6.07 -1897
9 CI9P 1.38 2755 24 C24P 6.93 2494
CON -1.00 -1479 C24N -6.06 -1485
10 C10P 1.38 2754 25 C25P 8.68 2419
CI10N -1.00 -1477 C25N -7.56 -1403
1 C11P 1.75 3118 2 C26P 8.67 2019
C1IN -1.50 -1864 C26N -7.56 -1093
12 C12P 1.75 3174 27 C27P 10.42 2085
CI12N -1.50 -1854 C27N -9.06 -1055
13 C13P Skipped N/A 23 C28P 10.43 1761
C13N Skipped N/A C28N -9.07 -948
14 C14P 2.63 3876 29 C29P 10.43 1511
C14N -2.25 -2314 C29N -9.06 -860
15 C15P 2.63 3748 30 C30P 10.43 1360
C15N -2.25 -2291 C30N -9.07 =797

The strains on the steel plates were recorded by strain gages placed at 5.4, 11.4, and 17.4in. from
the top of the foundation on the webs and flange of the wall. The strain profiles at these three heights are
shown in Figures 3-30 and 3-31 at the peak displacements of the cycle corresponding to the theoretical first

yield points in the positive and negative direction for Specimen C1 and C2, respectively. The vertical axis
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shows the recorded strain normalized to the yield strain of the steel plate, which was obtained as 0.0019
from the steel coupon tests. At this stage, the strain profiles across the wall cross-section are almost linear.
Figures 3-32 and 3-35 respectively show the recorded strains at the points where the local buckling was
observed, on the web for positive wall displacements, and on the flange for negative displacements for both
Specimen C1 and C2. The strain profiles at the points where maximum resistance was reached are shown
in Figures 3-36 and 3-37.

The points of maximum flexural strength experimentally obtained from Specimens C1 and C2 were
compared to their corresponding values predicted by theoretical P-M interaction curves. These plots are
shown in Figures 3-38 and 3-39 for Specimens C1 and C2, respectively. In calculation of the P-M
interaction curves, the actual material properties of the steel plates and concrete infill measured from the
tensile coupon and compression cylinder tests were used.

The experimentally obtained moment developing at the base of the walls were also compared to
their theoretical plastic moment calculated using the Plastic Stress Distribution Method (PSDM), Mpsp,
and to the yield moment, M,. Note that values of the yield moment and corresponding neutral axis location
were calculated for strain diagrams obtained assuming an £, value obtained using ACI equation (ACI 2019)
(lower M, values would have been obtained using lower values of E.).

The theoretical values were calculated three different way, namely using the actual, nominal, and
expected material properties. These comparisons are shown in Figures 3-40 and 3-41 for Specimens C1 and
C2, respectively. The actual values are those obtained from the testing of steel coupons of samples from
the wall’s web and flanges, and of concrete cylinder cast during construction of the walls and tested on the
corresponding specimen test day. The nominal yield value used for the steel plates was equal to 50ksi for
the A572Gr50 steel used in the wall’s construction. The nominal value for concrete was taken equal to 4ksi
for both specimens. The expected values for the steel yield and concrete compressive strengths were
calculated by multiplying those values by R,=1.1 and R,=1.5X%0.85, respectively. The material property

values as well as the calculated theoretical resistances are shown in Table 3-6.
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In Table 3-6, the ratio of Plastic Moment to First Yield Moment also provides information on the
portion of the wall along its height over which yielding occurred in at least some part of the cross-section.
Results indicated that over roughly 40% of the height of the wall experienced such yielding, given that this
ratio was in the range of 1.45 to 1.66 (depending on direction of loading) for the measured material

strengths.

Table 3-6. Actual, nominal, and expected material properties and Calculated flexural resistances
for Specimen C1

(Note: 1 in. = 25.4 mm; 1ft=0.3048 m; 1sq in.=645.2 mm?; 1 in*=416231 mm*; 1 psi=0.0069 MPa; 1

ksi=6.9 MPa)
M M

Steel . . PSDM exp

M., kip.ft M , kip.ft —_— —

. Material Concrete plates y KIP PsbMm M, Mpgspm

Specimen ' ksi F
property fo, ksi y? YNA, YNA YNA YNA
ksi Pos. . Neg. °.”” Pos. “."” Neg. °."” Pos. Neg. Pos. Neg.

n m m n

Nominal 4.0 50.0 2079 7.52 -1507 9.52 3010 6.19 -2406 4.86 145 1.6 1.18 1.10
Cl Actual 4.5 554 2356 835 -1634 8.92 3387 6.27 -2640 4.64 144 1.62 1.04 1.00
Expected 5.1 55.0 2486 8.78 -1632 8.60 3596 6.40 -2662 4.19 145 1.63 098 1.0

Nominal 4.0 50.0 2100 8.15 -1449 9.05 3044 6.25 -2359 4.60 1.45 1.63 135 1.06
C2 Actual 5.1 554 2516 9.52 -1581 8.53 3639 6.92 -2623 4.00 1.45 1.66 1.13 0.96
Expected 5.1 55.0 2506 9.51 -1573 8.53 3624 6.96 -2608 3.99 145 1.66 1.14 0.97

Note: yna is the location of the neutral axis from the face of flange.

Note that as described in Section 3.3, due to the testing program requirements, the strength of the
steel plate and concrete materials had to be controlled. In order to control the maximum strength of the test
walls, the steel plates of all the specimens were ordered to have yield strengths less than 58ksi. Also, to
achieve the target level of the applied axial load for Specimen C1 using the full capacity of the SEESL lab
actuators, the specimen’s concrete strength was required to be 4ksi at the day of the test. Therefore, as a
result of these unusual controls, the actual and expected material properties were not close for Specimen
ClI.
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A grid of Krypton LEDs were placed on the north elevation of the north web of the wall and east
elevation of the flange. Figure 3-42 shows the location of these LEDs on the web for both specimens. The
LEDs were placed at the bottom of the wall close to the foundation surface and between the first and second
rows of the tie bars where severe local buckling developed during the test. The amplitude of the local
buckling in this region was measured using the out-of-plane movement of the LEDs during the test. Figures
3-43 and 3-45 show the out-of-plane movement of the LEDs located between the tie bars shown in Figure
3-42 for Specimen C1 and C2, respectively, as an example. As shown in the figure, the buckling on the
steel plate of the web was initiated during Cycle 6. The amplitude of the local buckling was dramatically

increased after the 12" cycle in Specimen C1 and after 11™

cycle in Specimen C2.

The specimens were inspected after their failure. Figures 3-44 and 3-46 show a schematic of the
damage on the steel plates for Specimen C1 and C2, respectively. In this figure, the locally buckled areas
are marked with green dashed line, the fracture lines are shown with solid blue line, the failed tie bar welds
are shown with solid red lines and failed tie bar in Specimen C2 are shown by red crosses. Note that failures
at tie bar locations, in all observed cases, were due to weld failure at their connection (typically at only one
end of the tie bar) except for one tie bar in Specimen C2 (identified by the red cross in Figure 3-46 where
the tie bar itself is known to have fractured as in Figure 3-47). The failed end of the tie bar is marked in the
figure.

The rotations of the wall at the base where the plastic hinge was developed was also calculated.
This was done using the recorded horizontal movements of the wall for the string pot attached to the wall
closest to the foundation, and then dividing its readings by its distance to the top of the foundation (33in.),
which resulted in total rotations at the wall base (i.e., 8,,;). Recognizing that this calculated rotation also
included the rotations of the wall-foundation connection (i.e., 6,,¢), these rotations at the wall-foundation

connection (6,, ) were subtracted from the total rotations (6,,;) to obtain the wall rotations at the base (i.e.,

0,p). Figure 3-48 shows the composition of the rotations at the base of the wall. Note that there was no
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slippage between the footing and the strong floor during the test and therefore the lateral displacements of
the footing were considered zero in calculation of the rotation.

Note that the rotation at the wall-foundation connection (6,,r) could have been calculated at each
step of the test using the differences in the recorded displacements from the vertical string pots (i.e., along
the axial axis of the wall) that were connected from the wall surface to the foundation’s top surface at east
and west elevations of the wall, divided by their distance from each other, but this would have not included
rotations introduced locally near the base of the wall due to the flexibility/deformations of the foundation
itself. Instead, the wall-foundation connection rotation was taken into account by substituting the foundation
and wall-to-foundation connection with a linear rotational spring at the base of the wall. The rotational
stiffness of this spring was calculated by finding the slope of a line that was fitted to the Mjqs0-0y 5
relationship curve at the linear cycles (i.e., from the beginning of the test until end of Cycle 7) and then
multiplying the rotational stiffness by the base moment (M,,,,.) at each corresponding step of the test. The
rotational spring stiffness was calculated as 1.13x10° kip.fi/rad for Specimen C1 and 1.26x10° kip.fi/rad
for Specimen C2. Figures 3-49 and 3-51 show the calculated base moment versus the wall rotations (M}, ;.-
6,p) relationship curve for Specimen C1 and C2, respectively. This curve was compared to the one with

total rotations at the wall base (Mps.-0,y¢) in Figures 3-50 and 3-52.
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Figure 3-38. Comparison of Specimen C1 flexural resistances with P-M interaction curve
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Figure 3-39. Comparison of Specimen C2 flexural resistances with P-M interaction curve
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Figure 3-47. Tie bar fracture during testing of Specimen C2
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SECTION 4
TESTING OF REPAIRED C-SHAPED COMPOSITE PLATE SHEAR

WALLS-CONCRETE FILLED (C-PSW/CF)

4.1 General

Information on the construction of the C1 and C2 wall specimens was described in details Section 3. In this
section, the process of repairing and retesting Specimen C2 wall is described. The details of the repair
concept and its implementation are presented in Sections 4.2 and 4.3. The properties of steel and concrete
are provided in Section 4.4. Loading protocol and procedure for application of axial loading are outlined in
Sections 4.5 and 4.6. Finally, step-by-step description of the tests, behaviors observed, and analysis of

results are in Sections 4.7 and 4.8.
4.2 Repair Concept

Discussions took place between the research team and Brian Morgen from MKA who is the lead engineer
involved in the design of the composite walls for the Rainier Square Project in Seattle, to assess various
post-earthquake repair strategies for C-PSW/CF, and identify what seemed to be the most practical option.
It was determined that composite walls would likely be repaired in segments, and that the repair would
involve replacement of the buckled plate and, if necessary, partial or complete replacement of the concrete
located between the removed plates. In the case of complete concrete replacement, new tie bars would be
used, whereas existing tie bars would be re-used in the case of partial concrete replacement. Initial repair
details were developed by the research team, and discussions were then held with the contractors (Turner
Construction Company) and steel erector (James F Stearns Co Inc.) partnering on this project to establish
a workable construction process and details needed to achieve the repair objectives.

Note that the repair scheme was to be implemented on Specimen C2 that had been tested, on

purpose, to extreme inelastic deformations to investigate the rate of strength degradation at progressively
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larger drifts; by all means, significantly lesser damage would be expected following actual earthquakes.

After the test of Specimen C2, webs of the wall were buckled up to the 4™ tie bar row and extensively

fractured between 1% and 2™ tie bar rows. The flange steel plate on wall’s East side had buckled between

the 1*' and 2™ tie bar rows but there was no buckling/fracture in the flange on its West side.

The repair strategy retained to address such extensive damage conceptually consisted of the following steps:

Chipping away a part of the concrete footing at the face of the wall, removing enough concrete to
expose the weld of the wall plate the thicker wall plate inside of footing.

Cutting and removing the buckled and fractured steel and removing the loose concrete exposed by
removal of the steel plates. This was expected to involve some chipping of the exposed concrete
all around the wall, and removal of concrete through the entire thickness of the wall in some
locations (such as in most of the webs).

Adding steel plates along the entire perimeter of wall at its base where buckled/fractured plates
were removed. These new steel plates, effectively acting as splice plates, were to be fillet-welded
at their top and bottom ends. At the bottom end, this would be to the existing thicker plate located
inside the wall’s footing, and at the top end to the existing non-damaged steel plate. Note that, at
the bottom, the splice plate was fillet-welded to the thicker wall plate to “by-pass” the thinner plate
at the wall base, in order to achieve load transfer and ensure no yielding of the thinner plate there.
The new splice would be made of plates of identical dimensions “wrapping” all around the wall, as
shown in Figure 4-1.

Filling the empty space between the splice plates with self-consolidating concrete that could easily

flow through voids without the need for vibrations.
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Figure 4-1. Repair concept for the C2 Specimen

The thickness of the repair steel plate (splice plate) was chosen based on a number of
considerations, including finite element analysis done in LS-DYNA and required fillet weld size as
described below. Note that the main objective was to make the repaired section stronger, such as to develop
plastic hinging above the repaired part, therefore keeping the splice plates elastic.

First, the thickness of the fillet weld to the splice plate was calculated such as to be able to transfer
a force equal to yielding of the steel plate in the above plastic hinge region. Considering a 0.707*w throat
for the fillet welds, where w is the size of the weld, the required fillet weld size was required to be at least
5/16in., plus a 1/16in. clear distance from the plate edge, to resist the yield force from existing steel plate.
Therefore, the required thickness of the splice plate was 3/8in., i.e., the twice in size of the existing plate.
Note that in an initial approach, the size of the plate was checked for its adequacy to resist the combination
of compressive yield force from the plate above the splice, and the moment created by the eccentricity of
that force from the middle of existing plate to the middle of the splice plate. However, under such an
assumption, to keep the splice plate elastic would have required it to be 1in. thick, which quickly appeared
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to be excessive. More appropriately, the splice plate thickness was selected considering the free-body
diagraph shown in Figure 4-2, where the moment due to eccentricity of the force is resisted by the couple
developed by the concrete force resulting from stresses developing behind the plates and the force the at tie
bars. Note that finite element analysis also indicated that the tie bar also resisted a moment equal to 9.5%
of the plastic moment of the tie bar, which is negligible. Also, note that the contribution of friction forces
was neglected in this free-body-diagram, as it is not significant. Analysis using LS-DYNA confirmed that
the 3/8in. splice plate provided was adequate.

Finally, as part of the repair concept, to achieve the goal of developing the wall’s flexural plastic
hinge above the repair zone, it was more logical to provide a repaired zone of constant height all around the
wall. The height of the repair plate was chosen based on the webs, which were damaged up to the 4™ tie
bar row. Even though the steel in flanges was not damage beyond the 2™ tie bar row, the intent was to use
a splice plate of same height to provide continuity between the webs and flange and facilitate formation of
a plastic hinge at the same height all around the wall. Hence, the total splice plate height was chosen to be
25in. (extending 24.5in. above the top of footing and 0.5in. into the footing where it was connected to the
thicker wall plate). Moreover, to bridge over locations of the flange where the steel plates and tie bars would
not be removed, the splice plates were provided with a grid of pre-cut 1-3/4in. in diameter holes located to

match the exiting tie bar spacing (6in. c/c in both the horizontal and vertical directions (refer to Appendix

E)).
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The concrete used to fill the void between the new splice plates, to recreate a composite wall, was
poured from 3in.x3in. holes that were cut at the top end of where the concrete was chipped and removed
during the repair. For fluidity of the concrete, a MasterEmaco S-440CI self-consolidating repair mortar
with 3/8in. aggregates and integral corrosion inhibitor was used. In order to help the concrete fill all the
gaps, the splice plates were tapped with a hammer to provide some external vibration as it was poured from
the holes. Also, “scuppers” were used to pour the concrete; they consisted of wood boxes with an opening
at their bottom attached to the surface of the wall where the 3in.x3in. holes were located, as shown in Figure
4-3. Filling the scupper to the top pushed the concrete further to the other end due to pressure and up to the

top level of the chipped concrete. Concrete leakage from small holes of 1/8in. diameter that were drilled at
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the top level of the chipped concrete on the far ends of the splice plates was used an indicated that the
concrete filled the void up to the top (to complement, this was also checked by passing fingers through the

scupper holes as far as could reach).
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Figure 4-3. Scupper attachment and direction of concrete flow.

4.3 Implementation of Repair Concept

Implementation of the repair strategy started with chipping away the concrete in the footing at the face of
the wall, removing the concrete up to a depth of approximately 0.75 in. over a width of 5 in. all around the
wall specimen. This was done to make it possible for the welder to fillet-weld the splice plate to the thicker
wall plate inside the footing in order to achieve load transfer and ensure no yielding of the thinner plate at

the wall base. Then, two different methodologies were adopted for repairing the flanges and webs.
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There was no damage in the west flange. Therefore, the ends of tie bars were smoothened and a 3/8
in. repair plate, with holes on a layout at the same spacing as the existing tie bars, was placed on top of the
3/16 in. existing steel plate. The top and bottom of the repair plate were fillet-welded with AWS E71T-1M-
H8 UltraCore 71A85 flux-cored gas-shielded (FCAW-G) wires (which has minimum 20 Joules (ft*1bf)
Charpy V-notch at 0 °F) to the existing plate and the tie bars were plug-welded to the repair plate around
the holes. However, on the east flange, the steel between the 1*' and 2™ tie bar rows had locally buckled
during the test. Therefore, the buckled steel was cut out but some of steel around the tie bars was left for
plug welding. Then, the damaged concrete behind the buckled steel was removed (approximately 3 in. in
depth). The repair plate was placed on top of the existing steel plate and its top and bottom parts were filled
welded to the existing steel plate. Note that in order to facilitate welding the splice plate to the thicker plate
inside the footing, the bottom of the splice plates was beveled as shown in Figure 4-4. Also, existing tie
bars were plug-welded to the repair plate around the holes. After that, three 3 in. x 3 in. holes were cut at
mid-distance of the 1*' and 2™ tie bar rows, 3 f#. apart from each other. Scuppers (Figure 3-1) were attached
to the surface of the plate with screws. Then, self-consolidating concrete with small aggregates and high
workability was poured through the scuppers and the plate was tapped with hammers to vibrate the concrete
and help fill all voids. Also, small holes of 1/8 in. diameter were drilled at the top level of chipped concrete
on the splice plates at half-distance between scuppers in order to see if the concrete flowed over the width
of removed concrete. Then, the lids of the scuppers were slid to close the hole. The next day, the scuppers
were removed and the surface was cleaned. Finally, the opened spots were capped by welding around
slightly bigger plates.

The local buckling on both the north and south webs extended up over four rows of tie bars (Figure
4-6). Therefore, the same repairing strategy as described above was applied to both webs, which consisted
of removing the steel plates and damaged concrete, placing new steel plates, filling with concrete, and
adding new tie bars where needed. The existing steel plate were flame-cut to be removed. Then, the concrete

and tie bars were removed with a drilling machine; in this case, concrete was removed over the entire
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thickness of the wall. The repair plates were placed and fillet welded at their top and bottom. Then, 0.5 in.
diameter threaded rods were placed through pre-cut holes in the repair plate and washers were put on each
side of the webs and tightened with bolts. In order to prevent concrete leakage, the washers were welded
around to the plate. Then, a scupper was mounted to a pre-cut hole (3 in. x 3 in.) on each repair plate. The
concrete was poured through the scuppers and the plates were tapped with a hammer to produce vibrations
to help even distribution and concrete flow between the plates. This was also checked by concrete leakage
though small holes located at various places at the top height of the chipped concrete. Then, each scuppers’
hole was closed by lowering a lid. The next day, the scuppers were removed, the surface was smoothened,
and slightly bigger plate was welded all around to cap the opening.

After that, the concrete strength was monitored by periodically testing concrete cyclinders until the
strength reached ensured that moment capacity of the repaired cross-section was greater than the one of the
existing cross-section above the repaired part. Meanwhile, all remaining aspect of test set-up and

instrumentation were completed.
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Figure 4-6. Repair sequence of webs
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4.4 Material Properties of Specimens

Three coupons for the steel used in the webs and flange of the C2 specimen (identified as p261 and p307,
respectively in the shop drawings of the specimens presented in Appendix CS5), and three coupons for the
repair plates were tested under uniaxial tension. Results are presented in Figures 3-3 and 4-8. As mentioned
before (Section 3.4), the average yield strength of the A572Gr50 steel used in construction of the flange
and web plates of Specimen C2 was 55.2ksi (based on the 0.2% offset method, as no “yield plateau” was
observed in the stress-strain behavior of the tested coupons). Figure 4-8 shows the results of the coupon
tests for the repair steel plates. The 3/8in. thickness of these plates was too large for the MTS uniaxial
tension/compression machine inside the SEESL Laboratory at State University of New York (SUNY) at
Buffalo. Therefore, the thickness of the plates was machined down to half the original thickness.
Unfortunately, during the test, two of the coupons broke outside of their gauge length, which is reflected
by the discontinued elongation results in Figure 4-8. However, the average of the yield strength obtained
for these three coupons, measured as 53.14ksi., was sufficient to ensure that the repair plates had adequate
strength to prevent yielding in the splice itself.

To establish the strength of the concrete used for the repairs, 3in.X6in. and 6in.X12in. cylinders
were taken from the concrete used to fill the space between the steel splice plates on the day of concrete
pouring. The average compressive strength was measured to be 6.4ksi from the unconfined compression
test. Moreover, the strength of the existing concrete inside of the C2 specimen was determined using three
extra 6in.x12in. cylinders that had been cast the same day as the C2 wall; test of these cylinders indicated
that the strength of concrete has not increased since the day C2 was tested, as the average strength obtained

was still 5.1ksi.
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4.5 Loading Protocol of Repaired C-Shape Specimen

The cyclic testing protocol was designed based on the yield displacements obtained from the Finite Element
Analysis (FEA) of the Repaired Specimen C2. The model was run based on true material properties of
existing steel plate and concrete, and the expected material behavior of the repair steel plate. The average
strength of steel from the coupon tests for the existing steel plate (Fy is 55.2 ksi) was directly input into the
model and the same steel properties were used for the repair steel plate as the average strength from coupons
was not available at the time of the analyses.

There were a few cylinders left from the time Specimen C2 was cast; these were to be used to
determine the compressive strength of the concrete on the test day of the repaired specimen. In the
meantime, for the analyses conducted to determine the loading protocol, the concrete strength was
presumed to be 5.6 ksi by extrapolating the slope obtained from the concrete strengths measured at 22 days
and on the test day of Specimen C2, to the day of testing for the Repaired Specimen C2.

Figure 3-4 shows the result of the pushover curves obtained from the finite element model, both in
the positive and negative directions, and a corresponding bi-linear curve estimation for the pushover curves.
The yield displacements (Ay) as defined by any point reaching the yield strain on the cross-section, in the
positive and negative directions, are 1in. and 0.5in., respectively. However, the loading protocol was created
based on yield displacements obtained from the estimated bi-linear curve for both directions (A, "), which
are 2in. in the positive direction and 1.5in. in the negative direction, as shown in Figure 3-4.

Up to the equivalent yield displacements (+2.0in. /-1.5in.) obtained from the bi-linear curves, the
specimen was cycled in force-controlled mode for the first 10 cycles. Beyond that, the specimen was tested
in displacement-controlled mode. The resulting loading protocol is shown in Figure 3-5. There are only
two cycles per drift amplitude in the force-controlled cycles. However, the number of cycles per drift

amplitude in the displacement-controlled cycles increased to three cycles, up to until the maximum capacity
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of the specimen is reached (+6 in./-4.50 in.), and then the number of cycles is decreased to two for the

subsequent cycles.
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Figure 4-9. Pushover result of the FEA model of Repaired Specimen C2 and bi-linear
approximation of the curves in positive and negative directions
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Figure 4-10. Loading protocol for C-Shaped specimens
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4.6 Application of Axial Loading on the C-Shape Specimens

As described and done previously for Specimens C1 and C2, the axial loading was applied centered on the
top of flange rather than at the centroid, which resulted in a moment due to the eccentricity of the axial

load, as shown in Figure 3-6, which was taken into account when post-processing the experimental results.

Center of the applied
axial load, P
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Figure 4-11. Location of centroid and centerline of axial load for C-Shaped wall specimens

To compare the results with the C2 specimen, the same testing scheme was applied to the repaired
wall. Before applying the axial loading, the horizontal actuators were locked at the initial point of zero
horizontal displacement because, without locking, the specimens could have moved laterally upon

application of the axial load due to the moment created by the eccentricity of the axial load (Figure 4-12).
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Figure 4-12. Testing scheme of repaired C-Shaped wall

The vertical actuators were driven in a force-controlled mode such as to apply constant axial force
to the specimen cross-section. The summation of the axial force in the vertical actuators was tracked during
the test to verify that it remained constant throughout testing, as shown in Figure 3-8. The distribution of
axial strains across the cross-section were also tracked after engaging the vertical actuators, to verify that
the cross-section was subjected to uniform stresses under the applied axial loading, even though loading
was only applied to the flange. Results obtained from the strain gauges located in the plastic hinge region
of the specimen confirmed that this was the case, as shown in Figure 3-9 for normalized axial strains across

a cross-section at 29-7/16 in. from the top of footing on Repaired Specimen C2.
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Figure 4-13. Sum of axial forces in the vertical actuators during test of Repaired Specimen C2
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Figure 4-14. Normalized axial strains a) 2D and b) 3D of the strain gauges at 29-7/16 in. from the
top of footing on Repaired Specimen C2
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4.7 Test Observations and Results

Repaired Specimen C2 was tested under the axial and cyclic loading protocols discussed in Section 3.5. As
discussed before, the cyclic lateral displacement testing protocol was designed based on a computation of
the yield points (for both positive and negative bending) obtained from finite element analysis of the
repaired wall.

Testing started by loading the vertical actuators while the horizontal actuators were held at zero

displacement. The forces in the vertical actuators were increased up 400kips, which resulted in application
of 15% of A.f. on the cross-section of the C-shape wall. Then, the lateral actuators were loaded to apply
the lateral cyclic displacements at the top of the specimen according to the pre-determined cyclic protocol.
The first cycle of the loading protocol, at the displacement of A,/4, enabled to verify if all the attached data
recording instruments were working properly and to point out all existing deficiencies in the specimen or
the test setup. None of the components of steel plates of the specimen experienced any buckling or yielding
and the same behavior was observed in all of excursions cycles at amplitudes of A,/2, and 3A,/4.
At the positive peak of the estimated displacement of A,, the strain recorded in the farthest end of the web
was -1305.8ustrain, which is 66.93 % of the average yield strain (i.e., 1951ustrain) of the steel plate based
on the coupon tests. The strain recorded in the negative peak of the estimated displacement of A, was -424.5
ustrain (21.76 % of the average measured yield strain). In the second excursion at the same drift, the strain
values did not change much (66.47% in the web and 21.98% in the flange). In addition, no local buckling
was observed at this cycle amplitude.

In an attempt to capture the drift at which first yielding was reached at the cross-section, the
specimen was cycled with an additional displacement amplitude of 1.5A,. In the first excursion of the cycle,
the strains in the web and flange were -1898 ustrain and -727 ustrain (97.27% and 37.27% of the estimated
displacement of Ay) and the strains did not change much in the following excursion at the same drift (96.67%

and 37.61% of A, in the web and flange, respectively).
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Note that from that point onward, the specimen was cycled following a protocol defined by yield
displacements obtained from the estimated bi-linear curve for both directions (A,’), which are 2in. in the
positive direction and 1.5in. in the negative direction, as shown in Figure 3-4. This equivalent bi-linear
yield defined the size of displacement increments (such as 1.5A,” 2.0A,” 3.0A,° 4.0A,° 5.0A,° and 6.0A,°)
instead of first yield displacement (A,’) corresponding to when the outermost cross-section fiber has
yielded. At a lateral displacement equal to 1A,’, strain gauges showed that approximately 20% of the entire
cross-section (30in.) between the first and second tie bar rows above the repaired part and 16.7% between
the second and third tie bar rows above the repaired part had yielded with no visual observation of local
buckling. During the second excursion at the same drift, 26.7% of the cross section between first and second
tie bar rows had yielded but yield percentage of the cross-section remained the same as in the previous
cycle (20% and 16.7% of cross-section between 1% and 2™ and 2™ and 3™ rows, respectively had yielded).
In the third excursion, the yield percentage of the cross-section did not change.

At the lateral displacement equal to 1.5A,” (i.e., Cycle 14), when the strain gauge recorded
4985ustrain, local buckling was observed on the web between the 1% and 2™ tie bar rows on the South face
of the North Web (labeled NWS afterwards) and North face of South Web (referred to as SWN afterwards).
In the following excursion (i.e., Cycle 15), 53.3% and 66.7% of the cross-section between the 1* and 2™
tie bar rows and the cross-section between 2™ and 3™ tie bar rows, respectively yielded. In addition,
buckling was observed in the steel plates between the 2™ and 3™ tie bar rows on the South face of South
Web as in C15P in Figure 4-19 (referred to as SWS afterwards); note that prior to start of the Repaired
Specimen C2 test, it was observed that a hollow sound could be heard when tapping on the plate at that
location, which confirmed that a slight bulge existed there due to detachment of the steel plate from the
face of concrete, as a consequence of the previous testing of C2 Specimen. Therefore, during testing of
Repaired Specimen C2, that cross-section buckled first. The same sound was observed for the steel plate
between the 1 and 2™ tie bar rows above the repaired part on the South face of North web (NWS).

Moreover, steel at 4in. from the top of the repair plate also started to buckle on the West surface of North
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web (NWW) as in C15P in Figure 4-15. During the last excursion at the same cycle amplitude (i.e., Cycle
16), in addition to all previously buckled plate locations, the steel plate between the 1st and 2nd tie bar rows
also started to buckle at the North face of the North Web (referred to as NWN afterwards) and steel located
at 4.5in. and 11in. from the top of the repaired part on the West surface of South web (SWW) also started
to buckle (C16P in Figure 4-19).

At the lateral displacement equal to 2A,’° (i.e., Cycle 17 with amplitude of 4in. and -3in.) the lateral
load capacity reached to maximum value 427kip /-197kip in the positive and in the negative drift directions.
In the positive drift, the steel plate between the 1° and 2™ tie bar rows at SWS started to buckle (C17P in
Figure 4-19). However, in the negative drift part of this cycle, at 0.5in. drift, a relative upward movement
of the wall relative to the top its footing was observed at the South web (called “uplift” hereafter). Also,
there was a sudden drop in the applied horizontal load, which was suspected to be due to a weld fracture at
the connection between the repair plate and the existing thicker plate embedded inside the footing but this
could not be confirmed without chipping the concrete in the footing. In the second excursion at the same
cyclic amplitude (i.e., Cycle 18), the steel plate between the 2™ and 3™ rows buckled on the East flange
(labeled FE afterwards) for about 27in. from the North side of the wall in the negative direction, as in C18N
in Figure 3-15. Also, the wall uplift at the South web was observed to increase. At that time, a small part of
the footing was chipped off, which allowed to visually confirm that the weld connecting the repair plate to
the thicker plate had fractured. During last excursion at the negative drift (i.e., Cycle 19), local buckling
initiated on the steel plate between the 1* and 2™ tie bar rows on FE (C19N in Figure 3-15), except for the
place on FE that had buckled between the 2™ and 3™ tie bar rows in the previous cycle (refer to C20N in
Figure 3-15). After this cycle, the test was stopped, to be continued on the next day. In order to return the
specimen to an unloaded condition first, the horizontal actuators were held at zero displacement, then the
vertical actuators were unloaded, and eventually the displacement control of the horizontal actuators was

released and the actuator hydraulic pumps were turned off.
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Testing on the second day started by loading the actuators using the same sequence that was
followed on the previous day at the beginning of the test. Testing resumed with execution of Cycle 20
(displacement of 3A,” with amplitude of 6in. and -4.50in.). In addition to the previously observed buckled
locations, a slight buckling was observed to develop in the steel plate between the 3 and 4™ tie bar rows at
SWN, and in the steel plate between the 2™ and 3™ tie bar rows at NWS. In the negative drift, local buckling
was observed in the steel plate between the 2" and 3™ tie bar rows on the east side of the North web (NWE),
as in C20N in Figure 3-15. Also, the fracture at the footing on the South web increased to 11in. into the
web. Moreover, a slight uplift of the wall at the top of footing was also observed at the North web but the
exact amount of presumed fracture could not be determined at the time as no such fracture was visible. Note
that during the test, the second and third excursions planned to be executed at this amplitude were skipped
(i.e., Cycle 21 and 22). This was done based on the assumption that since the base of the wall was most
possibly fractured; it would have not been possible to “unbuckle” the plate on the east side of the South
web with the same cyclic amplitude. However, by pushing the specimen further to a larger displacement,
this would allow the specimen to buckle further and presumably help identify if failure would happen at
larger displacements and see strength degradation at the same time.

In the displacement cycle of amplitude equal to 4A,’ (i.e., positive peak of Cycle 23 with amplitude
of 8in. and -6in.), the drop in lateral horizontal force in the positive direction was 28.87%, but only 15.4%
in the negative direction. Another buckling wave was observed to develop in the steel plate between the 1%
and 2™ tie bar rows at the NWE. In addition, the weld inside the footing was fractured up to the flange.
Fracture started to occur at the corners of NWS and NW at the buckled location (4.5in. from the top of the
repair plate). The fractures were approximately 0.5in. long at NWS; and 1in. at NW. After the cycle was
complete, there was a 3in. vertical fracture in the corner of NWS and NW (Figure 4-21), which is a condition
that has been previously encountered in rectangular end plates of composite sections (e.g., see other
examples in El-Bahey and Bruneau (2011), Fujimoto et al. (1988), Iwata et al. (2000), and Saeki et al.

(1995)). In the negative drift of the next excursion (i.e., Cycle 24), the welds of six tie bars fractured, namely
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at: 15 row 2™ column (from West) at NWS; 1*' row 1 column; 1% row 2™ column; 2" row 2™ column; 3™
row 1% column; and 3™ row 2™ column at NWN. In addition, the corner of NW and NWN fractured for
about 1.5in.

The lateral horizontal force dropped by 20.8% in the positive and 21.06% in the negative directions
when the specimen was displaced by 5A,’ (i.e., Cycle 25). The cross-section fractured by 38% of the web
length (9.125 in. out of 24 in.) at NW in this cycle. Also, one additional tie bar weld (2™ row 1% column
from West) at NWN was observed to be fractured. In the second cycle (.e., Cycle 26), the fracture in the
North web grew to 12.5in. (52.08%). Also, a 2.5in. vertical crack was observed in the corner of SW and
SWN around where it buckled (4in. from the top of repair plate).

At the 6A,’ displacement amplitude (i.e., Cycle 27), peak lateral horizontal force had dropped by
5.34% in the positive and 18.66% in the negative directions. The web steel was fractured over 68.75% of
its original area at NW. Also, a new local buckling was observed in the corner of NWN and NEW. Since
the drop in strength in successive cycles at drift was not much, and for safety reasons as drifts were already
large in this cycle, the test was stopped at this point.

The details on the progression of buckling and fracture is tabulated in Table 4-1. Also, Figures to
3-12 to 3-17 show the progressive development of the phenomena described above at locations NW and
NWN; NWN and FE; and SW and SWS of Repaired Specimen C2.

When the test was over, the concrete all around the webs and at the corners of the flanges in the
footing was chipped off to reveal how much the fracture propagated in both webs of the wall. Figure 4-22
shows the fractures of welds connecting the repair plate to the thicker plate inside of the foundation at NWS,
NWN, SWN and SWS, respectively. The weld in the south web fractured almost all of the web’s cross
section, up to the flange (24.5in. at SWS and 24in. at SWN). However, the weld fractures at NWN and at
NWS were shorter, at 20.5in. and 9.25in, respectively. The initial fractures at SWS and SWN were
attributed to the fact that, around the webs, the bottom end of the repair plate did not perfectly reach the

location of the existing weld that connected the wall steel plate to the thicker plate in the footing. This
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made it difficult to weld the splice plate to the thicker plate in the footing, as originally intended as part of
the repair scheme. Therefore, in order to transfer loads to the thicker plate inside the footing, five passes of
fillet weld were done at that bottom location, trying to span the distance. However, in some places at the
bottom end of the web, not enough weld material was added, and the splice plate ended-up being connected
to the thinner part of the wall above the footing plate. As a result, a fracture initiated in the existing weld
on the South Web. Furthermore, observation of the fracture surface after completion of the test showed that
the fracture of the new weld at that location revealed lack of fusion with the beveled splice plate, as shown
in Figure 4-23. This facture propagated more through the web during the negative drift of the Cycle 23, and
did not change in the following cycles. The same phenomenon happened for the fracture at NWN, but the
fracture at NWS was through the thicker plate in the footing. Note that in the laboratory setting, due to the
presence of the footing, the weld connecting the splice plate to the thicker plate was difficult to accomplish,

as it was hard for the welders to see the bottom of the splice plate, even though it was beveled.
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Table 4-1. Experiment log of Repaired Specimen C2

(Note: 1 in. = 25.4 mm; 1ft=0.3048 m; 1sq in.=645.2 mm?; 1 in*=416231 mm*; 1 psi=0.0069 MPa; 1 ksi=6.9 MPa)

Laterally
Cycle  Cycle Applied FE NWW NWN NWS SWW SWN SWS NWE SWE
No Drift, in Force, V,
kips
14 3.0/-2.25 388/-173 B @l1st-2nd TR B @l1st-2nd TR
. B @lst-2nd TR
15 3.0/-2.25  381.5/-171.8 B @4in FRP B @3rd-4th TR B @2nd-3rd TR
B @4.5in FRP
16 3.0/-2.25  371.6/-169.2 B @1 lin FRP
17 4.0/-3 427/-197 FR at footing B @1st-2nd TR
18 4.0 413.6
3 -186.1 B @2nd-3rd TR
19 4.0 397.1
3 -182.6 B @l1st-2nd TR
20 6.0 398.7 B @2nd-3rd TR B @3rd-4th TR
-4.5 -196.2 Slight uplift at footing (slight FR) 11in. FR at Footing B @2nd-3rd TR
6.0 n/a .
21 45 o/a skipped
6.0 n/a .
22 45 wa skipped
8 283.8
23 . . 0.5in. FR .
-6 -165.8 lin. FR @4.5in FRP @4.5in FR Full Web FR at Footing B @1st-2nd TR
8 230.6
1.5in. FR
24 WEFR @]lrlc;
-6 -146.1 @Ir2c; @212 WFR @1r2¢
@3rlc; @312c;
10.0 2245
25 38% FR;
7S -131.5 WFR @2r1c on NWN
2% 10.0 193.3
-7.5 -111.5 52% FR
27 12.0 212.5
-9 -105 68.75% FR
12.0 n/a .
28 9 oa skipped

Note: The steel plate faces are abbreviated as follows: FE = the East Flange, NWW = West of North Web, NWN = North of North Web, NWS = South of North Web, SWW = West of South Web, SWN = North of South
Web, SWS = South of South Web, NWE = East of North Web, and SWE = East of South Web. Also, FF means “from footing”, FRP means “from repair”, FR is fracture, B is buckling, TR is tie bar row, WFR is tie weld
fracture, r is tie bar row, and ¢ is tie column. n/a means not applicable.
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Figure 4-15. North-West views of the North Web of Repaired Specimen C2 at
positive peaks
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Figure 4-15. (Continued)
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Figure 4-16. North-West views of the North Web of Repaired Specimen C2 at
negative peaks
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Figure 4-16. (Continued)
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Figure 4-17. East view of the flange and North-East view of the North web of
Repaired Specimen C2 at positive peaks
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Figure 4-18. East view of the flange and North-East view of the North web of
Repaired Specimen C2 at negative peaks
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Figure 4-19. South-West views of the South Web of Repaired Specimen C2 at
positive peaks
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Figure 4-19. (Continued)
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Figure 4-20. South-West views of the South Web of Repaired Specimen C2 at
negative peaks

164



H T

mg

N — I
10 1011 R

o o o o

Figure 4-20. (Continued)

165




Figure 4-21. Vertical weld fracture at the corner of the NWS and NWW surfaces

Figure 4-22. Weld fractures at: a) NWS, b) NWN, ¢) SWN and d) SWS
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Figure 4-23. Close-up pictures of the fracture propagation at SWS from: a) front view and b) side
view

4.8 Test Data Analysis

The experimentally obtained applied lateral force versus top lateral drifts for Repaired Specimen C2 is
shown in Figure 3-26. The vertical axis shows the horizontal force applied to the specimen, which is equal
to the value recorded by the lateral actuators (not equal to the shear force applied to the specimen, because
the force shown in this figure is not yet corrected to subtract the horizontal components of the vertical
actuator forces, which only cancel each other when the drift is equal to zero). The lateral drift was calculated
by dividing the top of the wall’s lateral displacement by the distance from the top of the repaired part to the
centerline of the lateral actuator’s attachment head. As mentioned before, the weld inside the footing in the
South web fractured. Therefore, the lateral load capacity of the wall in the negative drift direction was
anticipated to be more than what was obtained experimentally, which is the summation of the two recorded
horizontal actuators forces. Hence, in Figure 3-26, the applied horizontal force is also compared with twice
of the horizontal force from the North actuator (2xNorth), as the weld inside the footing of the North web
fractured at a relatively later stage. Given that the applied horizontal forces from both method are almost

the same for the positive drifts, this confirmed that it can be assumed that the capacity of the wall in the
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negative direction would have been close to the value obtained as “twice of the horizontal force from the
North actuator (2xNorth)” if early fracture had not happened at the base of the South web, and this was
used as a “proxy” here for the capacity of the wall in the negative direction.

Building from the results in Figure 3-26, Figure 3-27 shows the points when some of the key
observations were made during the test. In particularly, these points correspond to the onset of visible local
buckling on the web and flange and maximum strengths at negative and positive displacements.

The moment resisted by the wall above the repair was calculated by separating the horizontal
components of the force of the two vertical actuators that applied an axial load to the wall. As discussed
before, the actuators used for the axial load application were placed at an inclination angle of 70 degrees
from the strong floor, learning toward the wall (see Figure 3-28a). The trajectories of the axes of these
actuators intersect above the centerline of the flange of the wall. At the point of zero horizontal displacement
at the top of the wall, the horizontal components of the forces in the two vertical actuators are equal and in
opposite directions. At non-zero displacements of the top of the wall, as the inclination angles of the vertical
actuators change, as a result, the summation of the horizontal components of the forces in these actuators
develops an extra force that has to be carried by the horizontal actuators. The free-body diagram of the
forces (at zero displacement) is shown in Figure 3-28b. The moment resisted by the wall above the repair

was calculated according to the free-body diagram shown in Figure 3-28b by Equation (3.1):

Mrepalr =Taet X Fy + Top) X (FVl + FVZ) 4.1

Figure 3-29 shows the calculated base moment resisted by the wall versus the top of the wall’s drift
for Repaired Specimen C2. The peak displacements and corresponding base moments for each cycle of the
Repaired Specimen C2 test are presented in Table 3-4.

To determine the ductility reached (), an effective yield displacement (J,,ey) was taken as the
displacement corresponding to the intersection of a line tangent to the initial slope of the resulting pushover

curve and a horizontal line set at the level of the maximum base moment obtained from test, Mpusemax. The
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displacement obtained at 0.8 Mpusemax after post-peak of the backbone curve of the test setup was taken for
the ultimate displacement (,). Then, using Equation 3.2, ductility was calculated as 2.58/-4.22 in the

positive and negative directions.

500 \ ‘ ‘
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-|——-2xNorth
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Figure 4-24. Applied lateral force vs. top drift relationship for Repaired Specimen C2
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Figure 4-25. Some important points marked in the applied lateral force vs. top drift relationship for
Repaired Specimen C2
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Figure 4-26. (a) Inclination angle of vertical actuators at zero displacement; (b) Free body diagram
of the specimen wall at zero displacement
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Figure 4-27. Calculated experimental base moment vs. top drift relationship for Repaired Specimen
C2
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Table 4-2. Peak displacements and corresponding base moments for each cycle of Repaired
Specimen C2 test

Displacement Base Displacement Base
Cycle Label in > Moment, | Cycle Label in > Moment,
‘ kip.ft ' Kip.ft
| CIP 0.24 422 15 C15P 3.0 4176
CIN -0.13 -336 CI5N -2.25 -2434
) C2P 0.25 435 16 CleP 3.0 4062
C2N -0.13 -347 CI6N -2.26 -2417
3 C3P 0.50 859 17 C17P 4.0 4732
C3N -0.25 -557 CI7N -3.00 -2746
4 C4P 0.50 854 18 C18P 4.0 4571
C4N -0.25 -580 CI18N -3.0 -2633
5 C5P 0.75 1323 19 C19P 4.0 4377
C5N -0.38 =772 CI9N -3.0 -2588
6 C6P 0.75 1280 20 C20P 6.0 4409
C6N -0.38 =770 C20N -4.5 -2744
7 C7P 1.00 1704 21 C21P Skipped NA
C7N -0.50 -933 C2IN Skipped NA
3 C8P 1.00 1660 2 C22P Skipped NA
C8N -0.50 919 C22N Skipped NA
9 CI9P 1.5 2595 23 C23P 8.0 3077
CON -1.00 -1440 C23N -6.0 -2414
10 C10P 1.5 2555 24 C24p 8.0 2491
CION -1.00 -1431 C24N -6.0 -2199
1 Cl1P 1.94 3270 25 C25P 10.0 2432
CI1IN -1.50 -1929 C25N -1.5 -2024
12 C12P 2.0 3246 2 C26P 10.0 2072
CI2N -1.50 -1916 C26N -7.49 -1809
13 C13P 2.0 3205 27 C27P 12.0 2333
CI3N -1.50 -1911 C27N -9.0 -1780
14 Cl14p 3.0 4254 28 C28P Skipped NA
CI4N -2.26 -2465 C28N Skipped NA

The strains on the steel plates were recorded by strain gages placed at 5.44, 29.44, and 35.44in.
from the top of the footing on the webs and flange of the wall. It was observed from the C1 and C2
specimens that the strain profile is symmetric about the mid-length of the Specimen’s flange (until local
buckling develops, which was not triggered necessarily at the same time on both halves of the specimen).

Therefore, only half of the wall was instrumented with strain gauges. In order to check if the repair plate
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stayed elastic during the test, strain gauges were mounted 5.44in. from the top of the footing on the surface
of the plate. Moreover, in order to track the strains in the plastic hinge region, strain gauges were mounted
on the existing steel plate at 29.44in. and 35.44in. from the top of the footing (equal to 4.94in. and 10.94in.
from the top of repair plate) between the 1% and 2™ tie bar rows and 2™ and 3™ tie bar rows (more detailed
instrumentation plans showing locations of strain gauges and other sensors are included in Appendix E1).
The strain profiles recorded at these three heights are shown in Figure 3-30 at the peak displacements of
the cycle corresponding to the theoretical first yield points in the positive and negative direction. The
vertical axis shows the recorded strain normalized to the yield strain of the steel plate, which was obtained
as 0.001951 from the steel coupon tests. At this stage, the strain profiles across the wall cross-section are
almost linear. Figures 3-32 and 4-30 respectively show the recorded strains at the peak displacement of the
cycle where local buckling was first observed, on the web for positive wall displacements, and on the flange
for negative displacements. The strain profiles when maximum resistance was reached are shown in Figure
3-36.

The points of maximum flexural strength experimentally obtained from Repaired Specimen C2
were compared to their corresponding values predicted by theoretical P-M interaction curves. These plots
are shown in Figure 3-39 for the Repaired Specimen C2. In calculation of the P-M interaction curves, the
actual material properties of the steel plates and concrete infill measured from the tensile coupon and
compression cylinder tests were used.

The experimentally obtained moment developing at the cross-section above repair of the walls were
also compared to their theoretical resistances calculated using the Plastic Stress Distribution Method
(PSDM). The theoretical values were calculated three different way, namely using the actual, nominal, and
expected material properties. These comparisons are shown in Figure 3-41 for Repaired Specimen C2. The
actual values are those obtained using results from the testing of steel coupons of samples from the wall’s
web and flanges, and of concrete cylinder cast during construction of the walls and tested on the

corresponding specimen test day. The nominal yield value used for the steel plates was equal to 50ksi for
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the A572Gr50 steel used in the wall’s construction. The nominal value for concrete was taken equal as 6ksi
for the specimen, as this was the ordered material (note that cylinder strength on the day of test turned out
to be less than this value). The expected values for the steel yield and concrete compressive strengths were
calculated by multiplying those values by R,=1.1 and R,=1.5X%0.85, respectively. The material property

values as well as the calculated theoretical resistances are shown in Table 4-3.

Table 4-3. Actual, nominal, and expected material properties and Calculated
flexural resistances for Repaired Specimen C2

Mpspy, Kip.ft __Mpsom

. Material Concrete Steel M experiment
Specimen ropert £, ksi plates.

property © Fy,ksi  pgs. Neg. Pos. Neg.

Nominal 6.0 50.0 3567 -2099 0.75 0.76

Re%“‘zlred Actual 5.1 552 3631 -2288 0.77  0.83

Expected 7.65 55.0 4093 -2322 0.86 0.85

The specimens were inspected after the test. Figure 3-44 shows a schematic of the damage on the
steel plates for Repaired Specimen C2. In this figure, the locally buckled areas are marked with dashed line,
the fracture lines are shown with solid line, and the tie bar failures are circled. The pictures of the specimen
in all directions are also shown in Figure 4-35. Note that these tie bar failures, in all observed cases, were
due to weld failure at their connection at only one end of each tie bar. The failed ends of the tie bars are
marked in the figure and one example of the weld fracture of tie bar at 3™ row and 1* column from West
side of North Web is shown in Figure 4-36.

The rotations of the wall above repair where the plastic hinge was developed was also calculated.
This was done using the recorded horizontal movements of the wall from the string pots attached to the
wall closest to the foundation, and then dividing its readings by its distance to the top of the repair plate

(26in.), which resulted in total rotations at the wall base (i.e., 8,,;). Recognizing that this calculated rotation
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also included the rotations of the wall-footing connection (i.e.,0,,) and rotation of repair plate (i.€.,0,),
these rotations at the wall-footing connection (8,,5) and at repair plate (i.e.,0,,.) were subtracted from the

total rotations (6,,;) to obtain the wall rotations at the base (i.e.6,,;). Figure 3-48 shows the composition of
the rotations at the base of the wall. Note that there was no slippage between the footing and the strong
floor during the test and therefore the lateral displacements of the footing were considered zero in
calculation of the rotation.

Note that the rotation at the wall-footing connection (6,,5) could have been calculated at each step
of the test using the differences in the recorded displacements from the vertical string pots (i.e., along the
axial axis of the wall) that were connected from the wall surface to the foundation’s top surface at the east
and west elevations of the wall, divided by their distance from each other, but this would have not included
rotations introduced locally near the base of the wall due to the flexibility/deformations of the footing itself.
Instead, the wall-footing connection rotation was taken into account by substituting the footing and wall-
to-footing connection with a linear rotational spring at the base of the wall. The rotational stiffness of this
spring was calculated by finding the slope of a line that was fitted to the Mp.-6,, relationship curve at
the linear cycles (i.e., from the beginning of the test until end of Cycle 7) and then multiplying the rotational
stiffness by the base moment (Mjqge, N0t Myepqir) at each corresponding step of the test. The rotational
spring stiffness was calculated as 1.113x10° kip.fi/rad for Repaired Specimen C2. Unfortunately, the
accelerometers placed at South web did not run properly for the first four elastic cycles so the calculated
rotation spring stiffness of the foundation was only confirmed with the LS-DYNA model of the wall. The
rotation of the repair part (i.e.,0,,,-) was directly obtained from the same method as the calculation of the
total rotation of the wall above repair, which was done by using the recorded horizontal top movements of
the repair plate from the string pot attached to the wall closest to the foundation, and then dividing its

readings by its distance to the top of the footing (23.5in.).
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Figure 3-49 shows the calculated moment above repair versus the wall rotations (Myepair-Oiwp)
relationship curve. This curve was compared to the one with total rotations above repair (Myepqir-Oy¢) in
Figure 3-50. Note that since the weld connecting the thicker plate to the repair plate had fractured at
maximum negative moment, the rotations obtained reached 0.08 rad, which is unrealistic based on the
results obtained from C2 Specimen (which had maximum rotation of -0.045 rad). Therefore, the negative

rotations after the point of maximum moment should be ignored.
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Figure 4-35. Post-test damage inspection of the wall steel plates for Repaired Specimen C2

Figure 4-36. Weld fracture of tie bar at 3™ row and 1* column from West side of North Web.
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SECTION 5

SUMMARY AND CONCLUSIONS

Two large-scale C-shaped Composite Plate Shear Wall/Concrete Filled were subjected to axial and cyclic

flexural loading. The walls were subjected to 19% and 15% axial loading before horizontal cyclic loads

were applied. Both specimens showed similar buckling and fracture behaviors. Ductility was more than 4

(4.02/-4.3 for positive and negative directions for both specimens) when flexural strength dropped to 80%

of the peak value developed, and both specimens reached or exceeded their calculated plastic moment

capacities in the positive and negative direction. More specifically:

Peak strength was reached at drifts of 3.2% in the positive and 2.7% in the negative directions for
Specimen C1. On the other hand, the peak strength was observed at 2.1% and 1.8% in the positive
and negative directions for Specimen C2.

Tests showed that even though local buckling started in early cycles after yielding, the capacity of
the walls did not drop until fracture of the steel plates.

The fractures of steel plate were not sudden; it was progressive, meaning that flexural strength
degradation was relatively slow.

A significant portion of web and flange remained unfractured at peak drifts of 6.3/-5.4% when
testing was stopped, and a residual flexural strength of 29.7/-31.3% and 32.9/-31.8% of
corresponding peak values of Specimens C1 and C2 in the positive and negative directions,
respectively, remained after completion of the tests.

Yielding propagated over roughly 40% of the height of the wall; given that the ratio of Plastic
Moment to First Yield Moment was in the range of 1.45 to 1.66 (depending on direction of loading)
for the measured material strengths.

Buckling occurred between multiple layers of tie bars, as a consequence of yielding over a

substantial part of the height.

185



¢ Even though the main purpose of the tests was to observe the behavior of the walls under different
axial loading, the results ended up to be relatively close to each other. However, as it is generally
considered essential to achieve replicability of results across multiple specimens, the availability
of test results on two specimens that have achieved essentially similar hysteretic behavior is a

positive outcome to ensure the reliable seismic performance of the system.

Based on the experimental observations and results obtained, it can be concluded that C-shaped
C-PSW/CF can exhibit good cyclic behavior without premature strength degradation, while maintaining

their ability to resist large axial load of up to 19% Af"..

Moreover, a large-scale C-shaped Composite Plate Shear Wall/Concrete Filled that had been
previously subjected to axial and cyclic flexural loading up to a severe level of damage was repaired and
retested, to investigate if this structural system could realistically be returned to a post-earthquake condition
having the same capacity and hysteretic behavior. The repaired specimen was subjected to the same loading
protocol as the original wall, namely being subjected to 15% of the crushing load of the infill concrete
before horizontal cyclic loads were applied.

The repaired specimen exhibited similar yielding, buckling, and fracture behaviors as the originally
tested Specimen C2. Ductility reached was 2.58/-4.22 in the positive and negative directions when flexural
strength dropped to 80% of the peak value developed, which indicates that the ductility is reduced in the
positive direction. This is because the repair weld at the base of one of the webs was not executed as
designed and failed prematurely. Nonetheless, the repaired specimen (like the unrepaired one did) reached
or exceeded its calculated plastic moment capacities in the positive and negative direction. More
specifically, positive peak strength was reached at drifts of 2.1% both Specimen C2 and the Repaired

Specimen C2. However, due to fracture at the weld inside footing between the existing steel plate of

186



Specimen C2 and its repair plate, the data obtained in the negative direction for the Repaired Specimen C2
is not deemed to be representative beyond a drift of 1.8% (Cycle18) and a moment equal to 115% of Mp.
As before, the tests showed that even though local buckling started in early cycles after yielding,
the capacity of the walls did not drop until fracture of the steel plates initiated. Likewise, the fractures of
steel plate were progressive, flexural strength degradation was relatively slow, and buckling occurred
between multiple layers of tie bars, as a consequence of yielding over a substantial part of the height.
Based on the experimental observations and results obtained, it can be concluded that C-shaped
C-PSW/CF repaired by the procedure adopted here can exhibit a good cyclic inelastic behavior without
premature strength degradation, while maintaining their ability to resist axial load as high as 15% A4.f’. of

the crushing load of the infill concrete.
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APPENDIX A

Design details of Initial Specimen (Mathcad sheets)



Specimen Design
Mathcad ® Enabled Content.

CPF#06-16: C-Shape CF-CPSW Project, Hadi Kenarangi, University at Buffalo, 2017

Calculations for design of C-Shape CF-CPSW test
specimens: Tie bar design

CPF#06-16 Project

{5 Disclaimer

[*] User Notices
User Notices
Input variables that need to be defined by the user are highlighted in YELLOW.

Key results and design checks are highlighted in GREEN.
Intermediate results and checks are highlighted in BLUE.

[+] User Notices

Description

e Lateral Loading System is noted as "LLS"

e Axial Loading System is noted as "ALS"

e LLSandALS are designed using Gr. A36 Steel. Other parts are designed using A572 Gr.50 Steel.
¢ Welds are designed using E70xx electrode

References:

e AISC 360-16 (2016). Specification for structural steel buildings, American Institute of Steel Construction, Chicago, Il
e AISC 341-16 (2016). Seismic provisions for structural steel buildings, American Institute of Steel Construction, Chicago, Il

TieBarDesign_2017-09-16.xmcd University at Buffalo

3;7#

Page 1 of 4




Specimen Design

Input
ts = iin
*" 16
Fypiate := 50Ksi

Fuplate == 65ksi

Eg = 29000ksi

t. = 5in

ty =t + 2.t =5.375-in
wq = 8in

wy = 8in

Dyig := gin

Fytie == 50ksi

Fulie = B65ksi

CPF#06-16 Project

Steel plate thickness

Specified yield strength of steel plate (A572 Grade 50)

Specified utimate tensile strength of steel plate (A572 Grade 50)

Elastic modulus for steel

Thickness of the concrete core

Total thickness of wall

Vertical spacing of tie bars

Horizontal spacing of tie bars

Nominal diameter of round tie bars

Specified yield strength of tie bars (A572 Grade 50)

Specified ulimate strength of tie bars (A572 Grade 50)

TieBarDesign_2017-09-16.xmcd
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Specimen Design CPF#06-16 Project
Steel Web Plate of C-PSW/CF with Boundary Elements per AISC341-16 Article: H7 .4a.

The maximum spacing of tie bars in vertical and horizontal directions, w,, shall be:

Es

Wimax = 1.8+t = 8.128:in AISC341-16 Eq. (H7-1)

yplate

wq= |wy if wy < Winax

"Adjust w1 value" otherwise

Use tie spacingsof:  w, = 8.in

Tie Bar Diameter in C-PSW/CF with or without Boundary Elements Tie per AISC341-16 Article: H7 4e.

Te bars shallbe designed to elstically resist the tension force, T, determined as follows:

ts =0.187-in Steel plate thickness

to=5-in Thickness of the concrete core

ty =5.375-in Total thickness of wall

wy = 8-in Horizontal spacing of tie bars

wy = 8-in Vertical spacing of tie bars

Fyplate = 50-ksi Nominal yield strength of steel plate

T, is the tension force resulting from the locally buckled web plates developing plastic hinges on horizontal yield lines
along the tie bars and at mid-vertical distance between tie-bars, and is determined as follows:

W2
Ty = 2-(—]-t52-pr,me =3.516-kip AISC341-16 Eq. (H7-5)
Wiy

T, is the tension force that develops to prevent spliting of the concrete element on a plane parallel to the steel plate.

ts-F 1 w.
T, | e W2 6 _8.283kip AISC341-16 Eq. (H7-6)
4 Wy t 2
W
18| ——— | +1
min (W-] . W2)
Treq = Tq + Tz = 11.799-kip AISC341-16 Eq. (H7-4)
Fytie = 50-ksi Nominal yield strengh of tie bars
Treq L2 o .
Argq = =0.236-in Required tie bar cross-section area
I:ytie
4-Areq : o .
Dreq = = 0.548-in Required tie bar diameter
11
Diie == |Dyie if Dy 2 Dreq

"Tie diameter is not OK" otherwise

Use Dy =0.625-in tie bars with yield strengthof ~ F . = 50-ksi

TieBarDesign_2017-09-16.xmcd University at Buffalo Page 3 of 4
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Specimen Design

Tie Bar-to-steel plate joint weld design:

Ty 1= %D,iez-Fyﬁe —15.34.kip  Tensie strength of tie bars

y

— Steel plate

CPF#06-16 Project

Tie bar
Fexx = 70ksi Weld electrode grade ; P
Wiig = 3 in Filet weld size
e E70xx \# ——
. W_t'e //
Weld length considering centerline of the weld:
lw = 7(Dyie + Wyie) = 2.553-in Weld length
Transverse fiket weld strength:
- 1.5

Ry welg = 0.75-0.6-Fgxx:| 1.0 + 0.5sin [Ej ‘Wiie-ly = 22.614 kip  AISC 360-10 (J2-5)
Wiie = | Wie If ORyweld > Thie

"Tie weld size is not OK" otherwise
Weld is sufficient to develop the tensile stregth of tie bar.
Use wy, =0.187.in filetweldwith  Fpyy = 70-ksi
Base metal shear yield: &Ry pms = (1.0)(0.6-Fypiate) ts-ly = 14.358 kip
Base metal fracture: DR, pmf = (0.75)(0.6-Fup|ate)-ts-lw = 13.999-kip
Base metal fracture is governing failure mode of the tie-to-steel plate connection

TieBarDesign_2017-09-16.xmcd University at Buffalo Page 4 of 4
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Specimen Design CPF#06-16 Project
Mathcad ® Enabled Content.

CPF#06-16: C-Shape CF-CPSW Project, Hadi Kenarangi, University at Buffalo, 2017

Calculations for design of Axial Loading System: Top
Fixture Design

{5} Disclaimer
[*] User Notices

User Notices

Input variables that need to be defined by the user are highlighted in YELLOW.
Key results and design checks are highlighted in GREEN.
Intermediate results and checks are highlighted in BLUE.

[+] User Notices

Description

e Lateral Loading System is noted as "LLS"

e Axial Loading System is noted as "ALS"

e LLSandALS are designed using Gr. A36 Steel. Other parts are designed using A572 Gr.50 Steel.
¢ Welds are designed using E70xx electrode

References:

e AISC 360-16 (2016). Specification for structural steel buildings, American Institute of Steel Construction, Chicago, Il
e AISC 341-16 (2016). Seismic provisions for structural steel buildings, American Institute of Steel Construction, Chicago, Il

ALS_TopFixtureDesign_2017-09- University at Buffalo Page 10of 4
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Specimen Design

Input
dy, := 0.89-1.5in
Fpy = 105ksi

'db2 -

4
dp

4= = 0.156-in4
2

- _0234in°
dp
2

Mby = Fby-Sby = 24526k|p

A, = 1_4-in2

Poy = Foy-Ap = 146.974-kip
SF:=15

Fiy i= Ppy-SF = 220.462-kip

Fav = Fiy

CPF#06-16 Project

Diameter of 1.5in diameter high impact Threaded Bar (approximation excluding
threads)

Yield strength ofthe threaded bar

Cross-sectional area of the threaded bar

Area moment of inertia

Elastic modules of cross-section

.in Yieldmoment ofthe threaded bar

Axial yield load of the threaded bar

Safety factor

Vertical load component of the applied load (Taken equal o yield capacity of threaded bar)

two := 5in + 2-0.19in = 5.38.in  Total thickness of the wall flange

lg := 5in
e )
le1 = r 2.5:in
My = Fo 1o 5 —
= Py 1 o .o
‘ e F1v + F2v

V, = max(Fyy, Fa,) = 220.462 kip

Length of the cantilevering part of the top fixture

Distance from center of the threaded bar to the edge of the wall flange

7 ,
7 . \ .~ Stiffener #2

AN

tWO

—] =847.675 kip-in

Moment demand per threaded bar at one
side

Shear demand per threaded bar at one
side

ALS_TopFixtureDesign_2017-09-

University at Buffalo Page 2 of 4
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Specimen Design

Wy = 67in Cross-length of the top fixture plate (only the length containing the stiffener 1 parts)
tp == 2in Thickness of the top plate

Fyp := 36ksi Yield strength ofthe steelplate (A36 Grade)

tg1 = 1in Thickness of the Stiffener #1

hg1 = 7in Height of the Stiffener #1

ts2 = 1in Thickness of the Stiffener #2

Cross-section properties at a distance x from the edge of the plate:

6 Stiffener #2 was used.
hg(x) = x

tp hg(x)
wp-tp-3+6- ts2-hs(X)-| tp + >

y(x) = Wyt + 6-(t32'hs(x))

w tp3 ty 2 ts2 hs(x)3 L 2
I(x) = + Wy -tp- y(x)—E P + ts2-hs(x) | y(x) = , th
S(x) = Sl

2
lo)  A4Fq, +4Fa (x—1g)° two et
4F | X —— | = - if lg<x<lg+|—-—
2 2 2

two

Capacity check at the edge of the wall:

Xp = |e

S(xo) = 76.019:n>  M(xo) = 2.205x 10°kip-in

CPF#06-16 Project

F.,-S Xp
M(xo)
ALS_TopFixtureDesign_2017-09- University at Buffalo Page 3 of 4
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Specimen Design

CPF#06-16 Project
Capacity check at the edge of the Stiffener #1:

two s
X02=|e+ ?—7

S(xp) = 130.046:in>  M(xp) = 3.35 x 10°-kip-in

Fyp-S (XU)

- 1.398
M(xo)

Volume of the top plate:

Wigtal := Wp + 4in + 4in + 5in = 80-in

hs 3.3
Vioppiate = Wiotal (2.le + two)tp + 6-hsg et ‘hg1-Wp = 3.077 x 10 -in

Ib hg1
WtopF‘Iate =490 _3 '[Wm‘ar(z.le + tWO)tp + 6'h51 ? 'tSZ + tST 'hS1 'Wpi| =872.472-1b
ft

Required thickness (t,.) for each of the vertical seatings of the side threaded bars:
Note: two vertical seatings are used for each of the side threaded bars

SF:=1.2

F = Pyy-SF = 176.369-kip

1
- +
2 3.5in )3

(3.5in

Use 2in. vertical seating plates on each side of the threaded bar.

ALS_TopFixtureDesign_2017-09- University at Buffalo Page 4 of 4
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Specimen Design
Mathcad ® Enabled Content.

CPF#06-16: C-Shape CF-CPSW Project, Hadi Kenarangi (PhD Candidate), University at Buffalo, 2017

Calculations for design of Axial Loading System: Top
Fixture Vertical Anchor Design

CPF#06-16 Project

{5 Disclaimer

[*] User Notices
User Notices

Input variables that need to be defined by the user are highlighted in YELLOW.
Key results and design checks are highlighted in GREEN.
Intermediate results and checks are highlighted in BLUE.

[+] User Notices

Description

e Lateral Loading System is noted as "LLS"

e Axial Loading System is noted as "ALS"

e LLSandALS are designed using Gr. A36 Steel. Other parts are designed using A572 Gr.50 Steel.
¢ Welds are designed using E70xx electrode

References:

e AISC 360-16 (2016). Specification for structural steel buildings, American Institute of Steel Construction, Chicago, Il

e AISC 341-16 (2016). Seismic provisions for structural steel buildings, American Institute of Steel Construction, Chicago, Il

ALS_TopFixtureVAnchDesign_2017-09- University at Buffalo

425#

Page 1 of 2



Specimen Design CPF#06-16 Project
Input

Shear demand on the vertical anchors (results from finite element anlaysis using LS-Dyna):

Pushy
Shear strength of one threaded bar: 4 |
Fyip:= 105ksi Minimum yield stress of threaded bar . T
.;;:‘.@ %."‘.
Ay = 1.4in2 Nominal area of 1.5in diameter threaded bar = [
Vip = 0.6-Fyyp-Ay, = 88.2:kip  Shear strenght per threaded bar o
S
= = TN =

150lests b=
- Required number of threaded bars

Figure1: Assuming failure of one threaded bar
Nip used = 3 Number of used threaded bars during test.

Required length of embedment:

Assuming a uniform stress distribution along the embedded threaded bar as shown in Figure 2:

Hucuded
fo = 4ksi nominal strength of the concrete s
shesefirce 1}41‘!,! of M walt
dy == 1.5in diameter of the threaded bar F v - e,
Lootksi poediv Vs
Nty ’ ; whek 5 H lend it buon
V= Vp = 58.8-kip shear force at the top of each threaded bar L ﬁv sy ft Bor?
Ntb_used st gnform dortebutlon
ohovn, fla Bae
I := 20in Xy, = 5in Tralnumbers forbelow numerical slover i;;;_ e (=) (e xli-F) =2
Lo - >
Given b‘i;;xm‘_,; ~ {ixdux =0
2
Vil + f.d —(Itb_xtb) f..d o 22| = okip-i e
o+ TGt 2 ~Tor G Xip| fib — Py - Figure2: Assuming a uniform stress dis tribution
along the embedded bar.
V o+ fordiy (s = Xie) — Fo- i Xy = OKip g
ALS_TopFixtureVAnchDesign_2017-09- University at Buffalo Page 2 of 2
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Specimen Design CPF#06-16 Project
Mathcad ® Enabled Content.

CPF#06-16: C-Shape CF-CPSW Project, Hadi Kenarangi (PhD Candidate), University at Buffalo, 2017

Calculations for design of Axial Loading System: Actuator
Attachment Plate Design

{5} Disclaimer
[*] User Notices

User Notices

Input variables that need to be defined by the user are highlighted in YELLOW.
Key results and design checks are highlighted in GREEN.
Intermediate results and checks are highlighted in BLUE.

[+] User Notices

Description

e Lateral Loading System is noted as "LLS"

e Axial Loading System is noted as "ALS"

e LLSandALS are designed using Gr. A36 Steel. Other parts are designed using A572 Gr.50 Steel.
¢ Welds are designed using E70xx electrode

References:

e AISC 360-16 (2016). Specification for structural steel buildings, American Institute of Steel Construction, Chicago, Il
e AISC 341-16 (2016). Seismic provisions for structural steel buildings, American Institute of Steel Construction, Chicago, Il

ALS_ActuatorPlateDesign_2017-09- University at Buffalo Page 1of 3
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Specimen Design CPF#06-16 Project

Input
dp, == 0.89-1.5in Diameter of the threaded bar (approximation excluding threads)
Fpy := 105ksi Yield strength ofthe threaded bar
™ 2 .2 .
Ap = Z dp” =1.4-in Cross-sectional area of the threaded bar

4
Iy = E[?b] ~0.156-in"  Area moment of inertia

) b
3

My, = Fpy-Spy = 24.526 kip-in Yieldmoment ofthe threaded bar

= 0.234-in3 Elastic modules of cross-section

Poy = Fpy-Ap = 146.974-kip  Axialyield load of the threaded bar
SF:=1.2 Safety factor

Fiv = Pyy-SF = 176.369 -kip Vertical load component of the applied load
(Taken equal to yield capacity of threaded bar)

= 20 Hanging length of the baseplate

b := 2-3.5in + 16.5in = 23.5-in Cross-length of the baseplate.

Fyp = 36ksi Yield strength ofthe baseplate (Grade A36)

2Fle  2Fq,-5in
= +
2

= 176.369-kip-ft Considers two threaded bars acting on the baseplate.

u-

6-Fyy-(5in + Ig) 05 N o
tp req = Fib =3.874-in Minimum required thickness for the baseplate with no stiffeners
yp'

Consider using two vertical stiffeners on the base plate to reduce the base plate thickness. Assume using a 2in. thick
plate for the baseplate and:

b =23.5-in Cross-length of the baseplate
t, == 3.0in Thickness of the baseplate
ts1 == 1.5in Thickness of the Stiffener #1
hg1(x) := 6in Height of the Stiffener #1 at distance x from the cross-edge of the base plate
np =2 Number of vertical stiffener plates (No. of Stiffener #1)
ALS_ActuatorPlateDesign_2017-09- University at Buffalo Page 2 of 3
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Specimen Design

tp hs1 (X)
tp-b.E + Ny gy (X) tgq| tp + >
y(x) =

tp'b + np-hs1 (X)'ts1

3 2 3
) b‘tp tp ts'] 'hs1 (X)
I(x) = 12 +tp-b- y(x)fz + Ny T +ts1-hgq (x) | to +

1(x)
S(x) =
max(y(x), tp + hsy (x) - y(x))

try hgy(0) =6-in
y(0) =2.415:in
S(0) = 60.327.in°
M, := S(0)-F,, = 180.982-kip-ft Moment capacity is OK.

120\. [ - i

100 i e o

o0

=

K
i

Moment, Kip.ft
2

.
=3

20F 7

> L]

1

1 | | L |

|

0 ak 1 1 | | | | |- Zim
-16 -14 -12 -10 8 -6 -4 -2 0 2 4 6 8§ 10 12 14 16

ra

Location, in

Bending moment along the plate (Analysis results from LS-Dyna)

CPF#06-16 Project

ALS_ActuatorPlateDesign_2017-09- University at Buffalo
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Specimen Design CPF#06-16 Project
Mathcad ® Enabled Content.

CPF#06-16: C-Shape CF-CPSW Project, Hadi Kenarangi (PhD Candidate), University at Buffalo, 2017

Calculations for design of Lateral Loading System (LLS)
set-up

{3 Disclaimer
[*] User Notices

User Notices

Input variables that need to be defined by the user are highlighted in YELLOW.
Key results and design checks are highlighted in GREEN.

Intermediate results and checks are highlighted in BLUE.
[=] User Notices

Description

¢ LateralLoading System is noted as "LLS"

* Axial Loading Systemis noted as "ALS"

e LLSandALS are designed using Gr. A36 Steel. Other parts are designed using A572 Gr.50 Steel.
e Welds are designed using E70xx electrode

References:

»  AISC 360-16 (2016). Specification for structural steel buildings, American Institute of Steel Construction, Chicago, Il
s AISC 341-16 (2016). Seismic provisions for structural steel buildings, American Institute of Steel Construction, Chicago, Ill.

LLS 2017-09-16-.xmcd University at Buffalo Page 1 of 3
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Specimen Design

@ 1‘54
3Dview »%

Toct = 90kip

Tact

Trod == = 22 5-kip

SF:=2.0

| := 3.125in

tpiate := 0.25in

hplate = 16in
Wplate := 16.75in
t, := 0.75in

tp = lplate + t|_ =1-in

Fyp = 36ksi
Fup = 58ksi
tsp := 0.5in
n=4

hs := 4.25in — 1.25in

~" 7 Washer plate (0.25in.)

Mieq = SF-2:Troq | = 281.25 Kip-in

Lateral actuator attachment plate design (check for the critical one):

Stiffener (Angle) , Actuator Rods

\\.}:(/,,

~ %
- 2% Ny | !
] I i 1 L ‘ T
| su- =g
1% | } y
- 6% Tl 1 |
e 1 1 CI‘ Y, t
3% S 3% .
8 Stiffener (Angle) Top View

Wall (South Web)

Load per actuator
Load per threaded rod

Safety factor
Distance between threaded rod C.L. and critical section
Required flexural strength

Thickness of the washer plate

Height of the washer plate
Width of the washer plate

Thickness of the angle

Yield strength of plate and anglke (Gr. A36)
Ultimate tensile strength of plate and angle (Gr. A36)
Thickness of the stiffener

Number of the stiffeners

Cross-section properties at critical section from the edge of the plate:

Height of the stiffners at the critical section

tp he
hplate'tp'E + Nn- tsz-hs- tp + E

hplate ‘tp +n- (tSZ‘hs)

3 2 3 2
|"plate'tp tp t52 'hs hs
= T+hplate'tp' y—E + 6- 12 + tgo-hg | Y — ?-Ftp

CPF#06-16 Project

220kips Actuator
(Lateral)

EpP3SL

AISC-L5x5x3/4-36"
Y il

EPN4_S1

LLS_2017-09-16-.xmcd

University at Buffalo
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Specimen Design

|
S - 10.792-in°
max(y,tp + hg - y)

Capacity check at the critical cross-section:

Lateral actuator attachment plate angle-to-wall web steel faceplate weld design:

Fexx == 70ksi Weld electrode grade
3. . .

Wije i= ——in Fillet weld size

lw = Npjate = 16-in Weld length

Transverse filet weld strength:

Base metal shear yield:

ORy = min (R, weid » PRy bms - PRy pme) = 141.75-kip

Weld capacity check:

CPF#06-16 Project

LLS_2017-09-16-.xmcd University at Buffalo
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APPENDIX B

Initial Specimen and Initial Test Set-up Details: CAD Drawings
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Bill of Material per Specimen

ITEM QTY PART NUMBER DESCRIPTION PART WEIGHT, LBS|WEIGHTxQTY, LBS|PART VOLUME, C.IN.
20 2 SW_T1 A572 Gr.50 947.20409 1894.40818 3266.221
43 6 SW_T2 A572 Gr.50 53.62738 321.76428 184.922
37 4 SW_T3 A572 Gr.50 320.19596 1280.78384 1104.124
38 4 Washer plate (0.25in.) A36 19.60255 78.4102 67.595
23 2 BP1 A572 Gr.50 159.42924 318.85848 549.756
18 1 BP2 A572 Gr.50 298.23339 298.23339 1028.391
56 38 BP-51 A572 Gr.50 6.07202 230.73676 20.938
59 448 CST-5/8 Circular steel tie bar Gr. 50 #5/8in 0.51156 229.17888 1.764
19 1 ALS top fixture A36 911.90355 911.90355 3144.495
39 4 ALS-TP-TB1-5tng A36 5.9566 23.8264 20.54
24 2 ALS-TP-TB2-Stng-T1 A36 8.87603 17.75206 30.607
25 2 ALS-TP-TB2-Stng-T2 A36 8.87603 17.75206 30.607
34 2 ALS-AP-MP A36 659.46 1318.92 2274
41 4 ALS-AP-SP A36 76.995 307.98 265.5
35 2 ALS-AP-Stng-T1 A36 48.19307 96.38614 166.183
36 2 ALS-AP-Stng-T2 A36 48.19307 96.38614 166.183
42 4 ALS-AP-Stng-T3 A36 42.19326 168.77304 145.494
61 63.000 in L6x6x3/4@15.5in Angle Steel, A36 38.04713 152.18852 131.197
48 16 LLS-EPPG-5P1 A36 179452 28.71232 6.188
60 31.500 in L5x5%3/4@15.5in Angle Steel, A36 31.30463 125.21852 107.947
46 8 LLS-EPN5-5P1 A36 1.14202 9.13616 3.938
74 2 DP A572 Gr.50 104.603 209.206 360.7
75 24 tie_0625_6125 Circular steel tie bar Gr. 50 #5/8in 0.54491 13.07784 1.879
T Total Gr.50 4796.24765 6518.695
T Total Gr.36 3353.34511 6560.474
T Total 8149.59276 13079.169
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APPENDIX C

Final Specimen Design Detail and Drawings

C.1 Tie Bar Design
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Specimen Design
Mathcad ® Enabled Content.

Pankow C-Shape CF-CPSW Project, Hadi Kenarangi, University at Buffalo, 2018

Calculations for design of C-Shape CF-CPSW test
specimens

{2 Disclaimer

Pankow Project

[#] User Notices
User Notices

Input variables that need to be defined by the user are highlighted in YELLOW.
Key results and design checks are highlighted in GREEN.
Intermediate results and checks are highlighted in BLUE.

[a] User Notices

Description

Lateral Loading System is noted as "LLS"

Axial Loading System is noted as "ALS"

LLS and ALS are designed using Gr. A36 Steel. Other parts are designed using A572 Gr.50 Steel.
Welds are designed using E70xx electrod.

References:

e AISC 360-16 (2016). Specification for structural steel buildings, American Institute of Steel Construction, Chicago, Il
e AISC 341-16 (2016). Seismic provisions for structural steel buildings, American Institute of Steel Construction, Chicago, Il

tiebar_diameter_AISC341_16_PostIR1 University at Buffalo
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Specimen Design
Input (for post IR1 Specimen)

Pankow Project

t = %in Steel plate thickness

Fyplate == S0ksi Specified yield strength of steel plate (A572 Grade 50)

Fuplate := 65ksi Specified ultimate tensile strength of steel plate (A572 Grade 50)

E, := 29000ksi Elastic modulus for steel

t. := 5.625in Thickness of the concrete infill (for flange part)

ty = to + 2.1, = 6:in Total thickness of wall

wq = 6Bin Vertical spacing of tie bars

ws = Bin Horizontal spacing of tie bars

Djie = %in Nominal diameter of round tie bars

Fytie := 55ksi Specified yield strength of tie bars (F1554 Grade 55)

Futic := 75ksi Specified ultimate strength of tie bars (F1554 Grade 55)
tiebar_diameter_AISC341_16_PostIR1 University at Buffalo Page 2 of 4
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Specimen Design
Steel Web Plate of C-PSW/CF with Boundary Elements per AISC341-16 Article: H7 4a.

Pankow Project

The maximum spacing of tie bars in vertical and horizontal directions, w;, shall be:

E
Wimax = 1.8-!;-{ - _8.128in AISC341-16 Eq, (H7-1)
yplate

Wri= | wr 0 Wy S Wy
"Adjust w1 value" otherwise

Tie Bar Diameter in C-PSW/CF with or without Boundary Elements Tie per AISC341-16 Article: H7 4e.
Tie bars shallbe designed to elasiically resist the tension force, T, determined as follows:

ts = 0.187-in Steel plate thickness

t, = 5.625:in Thickness of the concrete core

ty, = 6-in Total thickness of wall

Wy = 6-in Horizontal spacing of tie bars

wy = 6-in Vertical spacing of tie bars

Fyplate = 50-ksi Nominal yield strength of steel plate

T, is the tension force resulting from the locally buckled web plates developing plastic hinges on horizontal yield lines
along the tie bars and at mid-vertical distance between tie-bars, and is determined as follows:

o
Ty:= 2{—] -tsz-pr.aw - 3.516-kip AISC341-16 Eq. (H7-5)
Wi

T, is the tension force that develops to prevent splitting of the concrete element on a plane parallel to the steel plate.

ts-F -t W,

T, = [w] ey ) 6 _4441kip AISC341-16 Eq. (H7-6)
4 Wy t 2
W
18| ——— | +1
(min(m . wz)]

Treq = T1 + T2 = 7.956-kip AISC341-16 Eq. (H7-4)
Fytie = 55-ksi Nominal yield strengh of tie bars

Tqu .2 : : :
Areq = e—= 0.145:in Required tie bar cross-section area

ytie

4-Areq
Dreq = =0.429-in Required tie bar diameter
iy

BPiie;= | Dtie if Dyie 2 Dreq

"Tie diameter is not OK" otherwise

tiebar_diameter_AISC341_16_PostIR1 University at Buffalo Page 3 of 4
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Specimen Design Pankow Project

Tie Bar-to-steel plate joint weld design:

~ Steel plate
Tensile strength of tie bars /

-~ Tie b?r
Fexx == 70ksi Weld electrode grade - E i

Wiie := 0.5in Fillet weld size i
E70xx > T
< w_tie| -

Weld length considering centerline of the weld:

hy = 7(Dyig + Wyig) = 2.945-in Weld length
Transwerse fiet weld strength:
1
SRy weld = 0.75-0.6-Fexy| 1.0 + 0.5sin(5) “Wig-ly = 69.581-kip  AISC 360-10 (J2-5)

Wie if R, weld 2 Thie

"Tie weld size is not OK" otherwise

Wiia,=

Base metal shear yield:

oo g 0TSO ) 1150

tiebar_diameter_AISC341_16_PostIR1 University at Buffalo Page 4 of 4
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C.2 Foundation reinforcing cage details
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General Notes:

1. All foundation rebars are ASTM A706/A615 Grade 60
2. Specified strength for foundation concrete is 4000psi
3. Rebar bends per ACI 318 unless noted othewise

UNIVERSITY AT BUFFALO
206 Ketter Hall
Buffalo, NY, 14226

C-Shape Wall Foundation System

General Notes
Date: Q10017
A0000 s koramns
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A B ) ] G H Schedule Mark (Type] | Bar Diam Bend Type Quantity By Rebar Sat | Bar No.| Volfbar (in*3) | vol/bundie (in*3) | Weight/bundie (ibs) |
o-1w0'|¥-g" [ 0-0" [0-0" | 0’-0" [O'-0" [ O'- 0" | O-0" Exi 075" 2 2 4-11" | »s 26 52 15
g-10"[1-1"| ¢-0" |0-0" | 0-0" | 0'-0" | 0*- 0" | O -0" [2r] 077" F] ] 5'-3" #a 17 103 23
r-w|g-5 | -0 |0-0°| 0-0" |[0-0"|0'-w0" | 0 -0" BG 075" 2 1 g-10" | # 52 52 15
0'-10"[1'-11"] ¢- o-0*| ¢-0" |0-0"|0'-10"| O-D" Exd 075" 2 2 3.3 [ 17 34 10
ov-w|s-F|oe-0|[o-r|o-0r[o-0"|o-w0]C0-0° BxXS 075" 2 1 T-T 5 a0 20 11
¢g-0"|7-5" | 0-¢" [ 0O'-0"| C-0" |0O'-0"| O'-0" | T-D" Ex6 127 174 28 g-2" ¥10 124 3472 986
0'-10"| 1'-8" [11'-11"] 1'-9" [21'-11"| 0’0" | 0'- 10" | O -0" 11 075" ir] 12 28-2" | e8 148 1792 500
o-10°| t'-g" [ t'-8" [ 1-0" | 14" [ 0-0"|0'-w0" | O -0" 2 075" ” 16 7-1" £ 38 601 174
g-10"|g-g" | s-8" [2-9" | g-p" [0-0" | 0'-0" | O -D" 3 075" = 5 15'-9" | w5 a3 417 119
o-5" [1'-1"| ¢'-2" [r-11"| ¢-0" [ 0'-0" | O'-5" [ O-2" 51 050" Rebar Shape 2 10 5-5° #4 13 128 36
o-3" |1-11"| -9 |v-1"| o-0° |o'-0"| -5 | O-5" 52 050" Rebar Shape 2 20 5-0" #4 12 28 57
o-5" [1-1u"| ¢-7 [r-11"| o-0" [O'-0" | O-5" | O-3° 53 050" Rebar Shape 2 58 &-10" | #a 11 651 1BB
o-5" [1'-1u"| v'-9" [1'-11"| 0-0" [O'-0"| O'-5" | O°-3" 54 050" Rebar Shape 2 20 -0 £ 14 283 B0
o-5" j1'-u"| ¢ |¢-11"| 0’0" |O'-0" | O-5" | O-3° 55 050" Rebar shape 2 20 -3 74 15 285 B4
o-5" [1'-11"| o’-8" [1'-11"| 00" |O'-0" | O-5" | O-3" 56 050" Rebar Shape 2 28 4-11" | #a 12 324 52
of-s" [1'-11"| ?’-0" [1'-11"| 00" [ 0'-0" | OF-5" [ -3 57 050" Rebar Shape 2 10 -7 4 15 145 a1
o-5" [1'.11"[ 2. 10" [1'-21"| 00" | 0'-0" | OF-5" | @ -2° 58 050" Rebar Shape 2 10 &-1" [ 14 143 a1
o-5" | v-g" [0-w0' [ 2-0" | 0-0" [ 0'-0"]| O'-5" | O'-3" 59 050" E 32 4-g" L) 11 358 102
ov-g"|7-11"| -7" |7-11"| 0-0 00" | 0-9" | C-0° [5 115" s6 8 17-8" | s 212 1698 482

LH 075" 10 4 §-4 5 26 104 30
‘ Grand Total 10340 3107

UNIVERSITY AT BUFFALOD
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ALS load spreading
3D View
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ALS load spreading
Elevation view
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Alsst

ALS load spreading plate

ALS_S1

ALS_VP

+ DETAIL: A

TP_TB2_SH_R2 Min.7/16
| :M::JHGD ST

o
_ ALS_BP

DETAIL: AK

Min7/16 .

/Min.7/16 (TvP.

TP_TB1_Seatingl_R2

Min.7/16| "
~Min7/16) -
e Min.7/16|

L Symmetry line

ALS_BP ALS._S1 ALS_VP
e —
L]
u- 8
TP_TB2_SH_R2 |
TP_TB2SV.R3 .

. ALS_BP ALS_VP

TP_TB2_SV R3

'

ALS load spreading plate
Top view (Weldment)
g (T
| o]

TP_TB1_Seatingl_R2 /

ALS load spreading plate
Elevation view (Weldment)
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NOTE: footprints of the attached plates on
TP_TB2_SV_R3 TP_TB1_Seatingl_R2 g P

~ symmetry line "~ the ALS_BP is shown as hatched areas.

P
L v 7 [ b /"
¥ i i ! A
| i { \
f { 1 i A
™ [ A | [ >, /) by ¥
1 N ;
| P T 2
= “16 [ | S
| \ 5 | i y TN\
| . ] N, A 52g! ‘ / ¥
TP 3ja] 2. W W A ‘11 . ) ‘ ).
| A | | N A
IR i =~ \
L 24 \
T3 Min an. k y
<. . ALS_BP
Y i B — . . \
symmetry line 7 yahgent ﬁ;g"iiﬁ%e - ALS load spreading plate
- Top view SCALE: 1/4
NOTE: footprints of the attached plates on
. the ALS_BP is shown as hatched areas.
" 18V " 21,
R1Yg Ya
1 \ T []
- KT
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8 15,§ (2 ! | | i
Rlle - A A S
70° Rilg
o .
. N VN
8 29% p=i- i I S
- 299 7 —'_‘ | /
, 3%
1
T R1% 1
NOTEs:
*  Precise detail
*  Hole arrangements are symmetric with respect to shown symmetry lines ALS_BP

+  Allowable tolerance + 1/16" Top view hole configurations SCALE: 1/4

t=2in. A36 Grade 36
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TP_TB1 Seatingl R2

DETAIL AK

REF:16

I 5 -

TP_TB1_Seatingl_R2

TP_TB1_Seatingl_R2
3D view

- 574 -

~ NOTE: Provide chamfer to accomodate

TP_TB2_SH_R2 ‘
TN . R1% Rl
- - 31,1
% A 57 [
AT
- — 7
- 2 Y,
3t P
DETAIL AJ
REF: 16 t !
TP_TB2_SH_R2
EEE— TP_TB2_SH_R2
v t=1/2in. Grade A36
o l
- § v - = 56 ‘J
¢ P
EE TP_TB2_SV_R3

. TP_TB2_SV_R3

t=2in. Grade A36

71 o

7Y

' bt
15 X 45° Chamfer 7, __‘
- L

|- 32

ALS VP
t=1in., A36 Grade 36ksi
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ALS_S1
t=1in., A36 Grade 36ksi
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ALS-AP-SP

ALS-AP-MP

ALS-AP-5tng-T1

" ALS-AP-Stng-T3

Actuator Attachment Plate

- Symmetry Plane

’
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ALS-AP-Stng-T3 .
3 \\7\5 l 2 l 5 -
3—T‘--—344\77——32 — N

[ 1 \ N 1 , 1
J 15 1 : 1
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. ALS-AP-Stng-T1
ALS-AP-Stng-T2

Actuator Attachment Plate Assembly Details
SCALE: 1/9 Grade 36ksi

symmetry line

[ 32 -
3
i i ]
| 35.é - l
435 4 T l _
I i : f
~ 3% @2 THRU
241,
[
4
1 T
! 9Py 123; g {
= 32 -
ALS-AP-MP
t=3in. Grade 36ksi SCALE: 1/4
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t=1.5in. Grade 36ksi SCALE: 1/8
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ALS-AP-Stng-T2
and ALS-AP-Stng-T1

15—,

1%3 X 45° Chamfer -

18344 v Rilg
3 Rily LN /
2% 8 . "/ —
Y P
5, . v : 2L,
3 - 1
2% i /
T 1 A
11 -1 "y
NOTE: Chamfer is mirrored when the ’ 115 X 45° Chamfer
seating is used on the other side
of Actuator Attachment Plate
(i.e., ALS-AP-5tng-T1 and 9, 13 1 N
ALS-AP-Stng-T2 are mirrored) 216 %16 26
(See the Actuator Attachment - 5!-‘2 -
Plate assembly details)
-
2-
-l
T
i
| 6t5 -

5L

Tangent at the edges
with the hole in ALS-AP-MP -~

d
A7 7
ALS-AP-MP
Tangent at the edges

with the hole in ALS-AP-MP
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Actuator Attachment Plate Bearing Plates Footprints
SCALE: 1/5 Grade 36ksi
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80 in [6'-8"]

Threaded Bars N
NOTE:
* 2in. diameter high impact threaded bars with fine thread.
e  Material grade: B-7, Min. 105ksi yield strength.
e  Each bar includes two hardened flat washers, two heavy
nuts, and two double spherical washers on each side.

DETAIL AM

Threaded Bar P B

Nut_H1F-16 i
—— ROF Hardened Washer —
~ H1F Heavy Duty Hex Nut

P 7 ASTM 194 Grade 2H Double spherical washer (female)

Double spherical washer (male)

H1F Heavy Duty Hex Nut —

DoubleSpherical_Washer_2inch

" Double spherical washer for 2in. bolt
" 0.D.:3-3/4in.

1.D.:2-1/8in.

Total thickness: 1in.

ASTM 436

ROF-16-436

" ROF Hardened Washer
ASTM F436
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BOM per C-Shape Wall

479#

BY: Hadi Kenarangi

Part 4
Iem Part Number  UnitQTY  QTY Description System | ';'f:l; Fllename Volume,  Part Weight, ihs  \WeIRhXQTY, Comments
Cin
W-1 LLS-Washer 1 2 J_\SQ Gr. 36ksi Wall | 13 | CH_Washer_d.ipt 67.6 19.2 38.3
Ww-2 Plate RI 1 2 A36 Gr.36ksi Wall 13 Plate RLipt 0.2 29 58
w.3 LLS_SI_R2 1 ] Ad6 Gr.36ksi Wall 13 LLS_S1_Rlipt 3 09 6.8
w4 LLS_P2_R2 1 2 Ad6 Gr36ksi Wall 13 LLS_P2_R2.ipt 98 28 56
W-5 CH Washer 4 holed 1 2 A36 Gir 36ksi Wall 13 CH Washer 4 holedipt 675 19.1 383
we | USSR | 1 16 A6k Wl |13 LUSSRp 22 06 99
w-7 L4xdxd 4 16,000 in | 64.000 in A36 Gr.36ksi, Steel Angle Wall | 13 Lax4x3 4ip 87 | 24 6.1
W DPF2_RI 1 1 AS72 Gr. 50ksi. Actual yield strength no more than 60ksi. Wall 0 DPF2 Rlipt 3875 1099 1.4
W9 SW _T3R4 1 4 AST2 G, 30ksi. Actual yield strength no more than 60ksi, Wall [ 2 SW_T3R4.im [ 1073 | 342 1256.6
W-10 SW TIR3 1 2 A572 Gr. 50ksi. Actual yield strength no more than 60ksi, Wall 8 SW_TIRIapt 2966 841.2 16823
Wil SW_T2ZNHR2 1 2 AST2 Gr. 50ksi. Actual yield strength no more than 60ksi. Wall 9 SW TINHRZipt 2959 B39 167.8
W-12 SW_T2R3 1 4 AS72 Gr. 50ksi. Actual yield strength no more than 60ksi, Wall 9 SW_T2RY.ipt 295 83.7 3346
W13 BPI_R2 1 2 AS572 Gir. 50ksi. Actuul yield strength no more than 60ksi, Wall 12 BP'l_R2.ipt 638.1 181 619
W-14 BP2_R2 1 1 AS572 Gir. 50ksi. Actual yield strength no more than 60ksi. Wall 12 9281 263.2 2632
was | wesay 3 AS72 Gr. 30ks. Actalyiel! srcagih 1o more han 60ksi wan | 12 203 55 2416
W-16 DP_R2 1 1 AS572 Gr. 50ksi. Actual yield strength no more than 60ksi, Wall 0 31 901 90,1
W-17 DPW _R1 1 2 AST72 Gr. 50ksi. Actual yield strength no more than 60ksi, Wall 11 9.7 1.7 554
W-18 DPW2Z_RI 1 2 AS72 Gr. 50ksi. Actual yicld strength no more than 60ksi, Wall 11 DPW2 RLipt 342 9.7 194
W-19 DIFW3_R1 1 2 AS572 Gr. 50ksi. Actual yield strength no more than 60ksi. Wall 1 DPW3_R1ipt 1222 47 69.3
W-20 Steel Pipe 1 4 Any steel grade, steel pipe. See drawings for size limitations. Wall 13 1.5_PVC_Pipeipt 82 23 9.4
W-21 Tieh625 FR2 1 260 F1554 Grade 55, 0.5in. diameter tic rods, length:6.375in. Wall = Tic0625 FR2ipt 13 0.4 923
W22 Tic0625_FR3 1 % F1554 Grade 35, 0.5in. diameter tic rods, length:6.625in. Wall - Tic0625_FR3.ipt 13 0.4 3
W-23 TieO625_FR4 1 20 F1554 Grade 55, 0. diameter tie rods, length:6.75in. Wall - Tielh25_FR4.ipt 1.3 0.4 7.5
W24 Tich625_WR2 1 88 F1554 Grade 55, 0.5in. diameter tic rods, length:8.75in. Wall - Tie0623_WRLip 1.7 0.5 429
W-23 Tieh625_WR3 1 3 F15354 Grade 55, 0.5in. diameter tie rods, length:9.125in. Wall = Tie0625_WR3.ipt L8 0.5 4.1
X | Total AS6Gricksi | 201
s | Total AST2Gr.50ksi 4652
T | Total F1554 Gr, 55ksi 150
E ‘Grand Total 5012
UNIVERSITY AT BUFFALO
206 KETTER HALL
BUFFALD, NY, 14226
| Tite: CPF#06-16: CF-CPSW UB TEST SETUP CAD
| Drawing:
DATE: 12/6/2017 STATUS: For Mnfetrng
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BOM for Axial Loading Setup (ALS) System

| — Part ;. P’
lem  PartNumber | UsitQTY  QTY Description system | poF Fllename Volume, Part Weight, Ibs | WelthOQTY. Cotianscaiss
| C.in
Al “)2“33?(75[’“_"'; i 16 ASTM 436 f{"”"k spherical washer for 2in. ALS 21 | ID2XIZIXTSPR_Femaleipt | 16 05 73 Part No. ID2ZX123X75PR from Robt, L. Rowan & Assoc.. Inc. or equivalent,
cmale | diameter rod (female) www. rlrowan.com
ol — | | | | ; . : [
e IDZX123XTSPR_ | . i ASTM 436 ﬂl.)uhk' spherical washer for 2in. At 21| ID2XI23XTSPR_ Male.ipt i3 i 4E Part No. ID2ZX123X75PR from Robt. L. Rowan & Assoc., Inc. or equivalent,
Male diameter rod (male) | | | | www. rlrowan.com
A-3 ALS_BP ! 1 1 AJ#‘I: Gr.]ﬁi_ui | ALS 17 | ALS_BP.ipt | 2503.7 | 710 | 710
A ALS 81 | 1 12 A6 Gr.36ksi | ALS 18 | ALS SlLipt | 28 19 | 95.3
A-5 ALS VP | 1 2 A36 Gr.36ksi ALS 18 ALS_VP.ipt 240 68.1 136.1
At - TB]Q‘““"”' | 1 4 A3 Gr.36ksi ALS 18 | TP_TBI_Seatingl_R2.ipt 19 54 215
AT TP_TB2_SH_R2 | 1 4 A36 Gr.36ksi | ALS 18 | TPTB2SHRpt | 15 | 5.1 L w4
A8 TP TB2 SV _R3 1 8 A36 Gr.36ksi ALS 18 TP TB2 SV _Ri.ipt 156 44 354
A9 ALS-AP-MP 1 2 A36 Gr.36ksi ALS 19 | Actuator_Plate_Designl.ipt | 22519 6386 12773
A-10 ALS-AP-Sing-T1 | 1 2 A36 Gir.36ksi ALS 20 AP Sesting Lipt | REF ) | 26 19.2
A1 ALS-AP-Stng-1 1 2 A36 Gir.36ksi | ALs 20 | AP_Seating_1 Lipt 34.7 98 | 19.7
A-12 ALS-AP-SP 1 4 A6 Gir. 36ksi | ALS 1% | AP Stfflip | 2655 | 753 | 1] e
A-13 ALS-AP-Sing-T3 | 1 4 A36 Gr.3okst ALS 20 | AP_Seating_21.ipt | 184 | 52 | 209
ASTM 193 BRV Grade BT High Impact e . - " - -
A-l4 BEV-16 ‘ 1 " Bar,2in. dismeter Fine UNC thread form, ALS 21 BSV-16.ipt 2513 713 5702 Part Mo, BEV-16 from Williams !-orm Eng. Corp. or equivalent, See:
5 hup:www. williamsform.com
Length Sfin.
ASTM 194 Grade 211, HIF Heavy Duty Hex - - . - " o
A-15 Nut_HIF-16 ‘ 1 16 Nuts for 2in, bar, Fine thread, ALS 21 Not_HIF-16,ipt 10.4 3 474 Fart o HIE16 from “f'”m"'s r_ofm Eha: Cow. of Sniveien, Sest
v i hup:waw, williamsform.com
Thick 1-31/32in.
" i iamete Part No, RPF-16-436 fr Willis Fi Eng. Corp. ivalent. See:
A-l6 RIF-16-436 | 16 ASTM F436 I‘!al_w.lslm l'uF Zl.n. diameter ALS 2 ROF-16-436.ipt 6 05 74 art No. RP) mm. il wan? .Mm ng. Corp, or equivalent, See:
rod. Thick 7/32in. hipfweww, williamsform.com
A-17 WI2x30 | 1 2 W I2x350 Grade 30, 13.5in. loose ALS = W 2xS0ipt 198 36.2 123 Loose part
A-18 W12x50_Tin 1 2 WI2x50 Grade 50, Tin. loose ALS 2 WI2x50_Tin.ipt 102.7 29.1 58.2 Loose part
T | Total A36 Gr.36ksi 2657
T | | | IT!H.‘ll AS5T2 Gr. Sﬂhi_ 170.5
T | CGirand Total 3474
General Notes:
1. 2 series of C-shape wall system (See BOM per C-Shape Wall) to be constructed and delivered.
2. 1 series of the Axial Loading Setup (ALS) system (See BOM for Axial Loading Setup) to be constructed and delivered.
3.  E70xx electrode used for all weld designs.
4. All tie rods are 0.5in. diameter F1554 Grade 55ksi (Mark AB55 PB).
5. For research purposes the actual maximum yield strength of A572 Gr. 50ksi used in wall system should not be more than 60ksi. An actual yield strength closer to 50ksi
is desirable.
6. For tensile coupon tests in the lab, minimum of two plates of 12x12in. of each A572 Gr. 50ksi steel batch used in the Wall system construction should be included in the

product delivery.

7. For tensile coupon tests in the lab, minimum of four rods of minimum 12in. long of each F1554 Grade 55ksi used in the construction of wall system should be included
in the product delivery.

8.  For research purposes, Items W-9 to W-12 shown in the BOM per C-Shape Wall (which are the wall steel face plates) must be constructed from one single steel plate
batch for both C-Shape wall deliveries.

9. For research purposes, Items W-21 to W-25 shown in the BOM per C-Shape Wall (which are the wall tie rods) must be constructed from one single steel batch for both
C-Shape wall deliveries.
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BLOCK | BLOCK NO. LENGTH | CS. | CUTFROM | ABM PAY
8-115/3 QTY. | NO. MARK PCS, SHAPE FLIN. | NO. | NO. FT.IN. [PG-LN REMARKS ITEM
2 1 [1000M1 2 |C-Shape Assembly
2 [1000M1 2 |MJ C-Shape Assembly | 16 | 515/16 OW (9-1112")
2-61/ 27/8 ]_13/4 27/8 SHOP NOTE: 27/8 1]_3/4 27/8 2-61/> 3 n39 2 PL3/4X42 9 11/2 SHPD H40 A572-50
e o SHOP TO CUT BACKING BAR (p2 & p51) AS T 4 | 8 |PIPE 2STD 0] 5% S2E NH AS3
68 _ 58 REQUIRED TO CLEAR 2" STD PIPE (pp2) 2868 | F 5 a2 B |L4xhede ]34 FH2SHL A572-50
P N_ = 6 |2 84 [PLL6 13 1[2 SHPD N AS72:50
= 1-rb10 | = ~1 g ® | o b I = =g 1-b10 7/ |p105 16 [PLY/2x31)2 03t SHPD NH A572-50
o = o - _I = -:::\” : © © © © © © © © © © © © i ==r—— = o © [ = _ 1 3 0 3 SHPD NH A572'50
12 = | ‘ e i : Fe 1-a2 8 1199 32 L
10— ! S O " | WO ! 3 1-p110 1 11Kg| [T, 9 [p0 4 [PL3pn015g 8 11 HO K28 AS72-50
1_p280 I-!(__\___X: — : :||::i:::| | o o o o o o o o o o o o : |::::?::#| : — 1-32 o o : “—v_ﬁ!. 1-p280 10 p125 4 PL3/8X215/8 2 6 H9 A572.50
Lb10— ‘ol L) i & e | pey: R 11 |pin 4 PLyax21%s Y BULETT: 9 AS72-50
|\~| &o— ;::U” ___;D__| —1 o o o o ° ° ° ° ° ° o o — i :—_—;c\—_—”dl__—: = ° o : 7 12 f41 4 FL3/8X8 ]_ 95/8 NH A572-50
) R ) : L N = | 13 |ft 12 |FL3/gx1 0]8 NH (BACKING BAR) A572-50
TE 3 b ° ° e o e o o o o 0o o o0 inbialnl ° oy <Ot 14 |p153 4 |PL3/gx55g 1]958 SHPD NH A572-50
L o) Lo 1 3
| R (o F 1 I 15 [p51 4 [PL3jgxt 1417 NH (BACKING BAR) A572-50
> e ° e e e e e e o o o o o0 f——f\———ﬂ orbf—] S O (N 16 |p 24 |PL3/gx1 141634 NH (BACKING BAR) A572-50
| e, : RN (87 REQD) | 17 |p50 4 [PL3jgxd 8| 11g NH (BACKING BAR) AS72-50
- o ° ° e o o o o o o o o o N ° o) :%;lF-' 18 |p6 4 [PL3Jsxt 61838 NH (BACKING BAR) A572-50
] ) | A | 19 |3 B |PLaxd L1150 NH (BACKING BAR) A572-50
=:17: o °© o o o o o o o o o o o T—_f\—_—ﬂ ° oy :%;%I= 20 |3 8 |PL3/axt 1] 11456 NH (BACKING BAR) AS72-50
| () : R | 21 p68 4 [PL3jgx1 0| 744 NH (BACKING BAR) AS72-50
s o ° e e e e e e o o o o o bt AN NS 22 |p4 B |PL3jgl 0|54 NH (BACKING BAR) A572-50
o L6 . : AON 1 23 |18 8 [PLisut 0] 4 NH (BACKING BAR) A572:50
e (87REQD) e TN SO LD B SRRV 5 24 |pi1e 4 |PLlats 15t 128 A6
| L RN 1 I 25 [p280 4 |PLYax16 1151 H9 H28 A36
=Dl jy— — o~ — 1 o o o o o o o ) ) ) ) ) L — o o I Ié_ﬁb 26 112 4 PLl 33 | 31 H28 A36
| \_7| f _ I | —~ Il I IN _ I D /4X /4 /2
] l: . : RN | [ 27 |p102 4 [PLYax3L) 1[31 NH_A36
i N S L S S S i RSN Sl 28 |p307 2 |PL3/16x803/4 147 (CIVES TO DRILL|HOLES) |B/0 H9 HI8(ED AS72-50
] e, | A | 29 [p308 2 [PL316x803/8 1417 (CIVES TO DRILL|HOLES) B/0 H9 H28(HL) AS72-50
=::7I oy S A R R S T——f———ﬂ o o) kIR 30 |p279 4 |BPL316x323116 14]7  (CIVES T DRILL/BURN|HOLES)|B/0 BENT 316-8316-24 H9 HeSED A572-50
] () I fi ”\(léi[jb27REQ‘D) | 31 [t 4 [BpL36031 14]7 (CIVES TO DRILL[HOLES) |B/0 BENT 316-71316-2358 HO@D) A72-50
kg n it ° o e e o o o o o o o i ° o1 IFSIR 32 |77 4 |BPL3/16x13%g 147 (CIVES T(O DRILL/BURN|HOLES) |B/O BENT 316-5716-8316 H H4B(E) AS72-50
) S ) : L | 33 |pbt 4 |PL3/16x5t4 1417 B/O NH AS72-50
i = it AL L Tl ° o) eI 34 |3 16 |RBL)2 K B/O (ROUND BAR) F1554-GRS5
o | E NN g - |- 35 |6 348 [RBY; 0 | 8% B/0 (ROUND BAR) F1554-GRS5
s > %o e ° e e e e e e o o o o o0 it = o o) FTIT 36 |2 48 |RBL 01634 B/O (ROUND BAR) F1554-GRS5
] o e, : RN { 37 |10 12 (RB 0| 6% B/0 (ROUND BAR) F1554-GRS5
1! g !lr— N ° ° e e o e o o o 0o o o . [ S I i | 38 |7 800 |RB) 0] 6% B/O (ROUND BAR) F1554-GR35
. ] & N £ ~1-p308 NS 1 39
E ":|:7| ~ ”— —_:-_—_l o o o o o o o o o o o o T_—;r\_—_ﬂ 1_p307 FS ° ° | |T:|:n 40
& = L I N | 41
+~— ,.:: : 7: H_—_—_c-_—l o o o o o o o o o o o o ':-_—_c-_—_-n ] ] : :% J_ﬁ::n 42
| B=“ () | :(:) =B 1 I 43
u:l—:7: | ) Il_ —_:-_—_: ) ) ) ) ) ) o o o o o ) T_—_c-_—_—H v ) o : :%_‘_ﬁ::n 44
| ) O { I 45
UJl _7: H.____D_ ___l o o o o o o o o o o o o Jl‘___C_ ___':1 o o : :% = l:ﬂ 46
. O (O | 47
U:::7: ‘T_ _;D___ l o o o o o o o o o o o o T__;C_\___'” o o : :Tﬁ::ﬂ 48
:,: ) I :K,’JIJ ::A: 49
[ ] il o iy o o o o o o o o o o o o o - o o E _ﬁ:ﬂ 50
7 N =T N K
R e, : KON | 51
u:: : 7: H_—_—_c-_—l o o o o o o o o o o o o ':-_—_c-_—_-n o o : :%: ::n 52
- O | O | R 53
U:: :7| }l____f_ ___| o o o o o o o o o o o o ':'__;C_\ ____” o o | :%: I:ﬂ 54
[ O | O | 55
— | H.____D_ —_ o o o o o o o o o o o o —— ___'H o o | = = |:ﬂ
N7 ~ N K2
o 1-p6 NS/FS | O i O | I
U:I :7| -p \HV____D_ — - o o o o o o o o o o o o +___C_ ___'n o o | |E _%Fﬂ
=" (BACKING BAR) - | I~~~ I I~ = I
o _ O | O 1-p3 NS/FS~J! | ENG. REF. DRG. No. XXXX
1-p4 NS/FS 3] G BAR O I i O (e (BACKING BAR) o o) e
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NOTE:

Threaded Bars

e 2in. diameter high impact threaded bars with fine thread.

e  Material grade: B-7, Min. 105ksi yield strength.

e Each bar includes two hardened flat washers, two heavy
nuts, and two double spherical washers on each side.

Mut_H1F-1&

H1F Heavy Duty Hex Mut
ASTM 104 Grade 2H

DoubleSphercal _Washer_2inch

@

Double spherical washer far 2in. balt

0,0.:3-3/4in.
[.D.:2-1/8in,

Tatal thickness: Lin.
ASTM 436

RS9F-16-436

RSF Hardened Washer
ASTM F436

*,
,
y Double spherical washer (female)
Double spherical washer (male)
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Table 1. Strain gauge placement details

Table 1. Strain gauge placement details

No. Label Location, in|Location|Orientation|Elevation| No. Label Location, in|Location |Orientation|Elevation
1 SG_NWN_01 5.4375 NWN Vert. North 28 SG_SWw_28 11.4375 SWwW Vert. West
2 SG_NWN_02 5.4375 NWN Vert. North 29 SG_SWN_29 11,4375 SWN Vert, North
3 SG_NWE_03 1 NEW Vert. West 30 SG_SWN_30 11.4375 SWN Vert, Naorth
4 SG_FE_04 1 FE Vert. East 3 SG_FW_31 11.4375 FwW Vert., West
5 SG_FE_05 12 FE Vert. East 32 SG_FW_32 11.4375 Fw Vert, West
6 SG_FE_06 12 FE Vert. East 33 SG_FW_33 11.4375 Fw Vert. West
7 SG_SWE_07 12 SWE Vert. East 34 SG_NWS_34 11.4375 NWS Vert. South
8 SG_SWS_08 12 SWS Vert. South 35 SG_NWS_35 11.4375 NWS Vert, South
9 SG_SWS_09 24 SWs Vert. South 36 SG_NWW_36 11.4375 NWwW Vert, West
10 SG_SWw_10 24 SWw Vert. West 37 SG_NWN_37 17.4375 NWN Vert, North
11 SG_SWN_11 5.4375 SWN Vert. North 38 SG_NWN_38 17.4375 NWN Vert, North
12 SG_SWN_12 5.4375 SWN Vert. North 39 SG_NWE_39 17.4375 NEW Vert. West
13 SG_Fw_13 5.4375 Fw Vert. West 40 SG_FE_40 17.4375 FE Vert. East
14 SG_FW_14 5.4375 FW Vert. West 41 SG_FE_41 17.4375 FE Vert. East
15 SG_FW_15 5.4375 Fw Vert. West 42 SG_FE_42 17.4375 FE Vert. East
16 SG_NWS_16 5.4375 NWS Vert. South 43 SG_SWE_43 17.4375 SWE Vert, East
17 SG_NWS_17 5.4375 NWS Vert. South 44 SG_SWS_44 17.4375 SWS Vert, South
18 SG_NWW_18 5.4375 NWW Vert. West 45 SG_SWS_45 17.4375 SWS Vert, South
19 SG_NWN_19 11.4375 NWN Vert. North 46 SG_SWW_46 17.4375 SWS Vert, South
20 SG_NWN_20 11.4375 NWN Vert. North 47 SG_SWN_47 17.4375 SWN Vert. North
21 SG_NWE_21 11.4375 NEW Vert. West 48 SG_SWN_48 17.4375 SWN Vert. North
22 SG_FE_22 11.4375 FE Vert. East 49 SG_FW_49 17.4375 Fw Vert. West
23 SG_FE_23 11.4375 FE Vert. East 50 SG_FW_50 17.4375 Fw Vert. West
24 SG_FE_24 11.4375 FE Vert. East 51 SG_FW_51 17.4375 Fw Vert, West
25 SG_SWE_25 11.4375 SWE Vert, East 52 SG_NWS_52 17.4375 NWS Vert, South
26 SG_SWS_26 11.4375 SWS Vert. South 53 SG_NWS_53 17.4375 NWS Vert. South
27 SG_SWS_27 11.4375 SWS Vert. South 54 SG_NWW_54 17.4375 NWwW Vert. West
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HWSP_12 attached at the actuator attachment point on north web.

[T

(HFSP_11) attached to the flange. HFSP_10
(HFSP_10) attached to the flange. (HFSP_08)
‘J (HWSP_05) attached at the actuator attachment point on south web, (HFSP_06)
=
L ===
|
HWSP_05 /
(HWSP_04) |
(HWSP_03) ® ® /
HWSP_02
HWSP_04 attached to the south web. Estp:m% -

N

HFSP_09 attached to the flange.

166

(HFSP_08) attached to the flange.
/ (HWSP_03) attached to the south web.

HWSP_02 attached to the south web.

b

HFSP_07 attached to the flange.
(HFSP_06) attached to the flange.
(HWSP_01) attached to the south web.

b

o

\

\ Horizontal String Pots
North Elevation

\ HSP_13 See plan view.
L (HSP_14) See plan view.
Check for foundation slippage.
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Plan View
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Table 2. LVDT placement details
No. Label |Length, in|Location¥*, in|Orientation |Elevation
1 L#1 ~ SFtoF Vertical uplift East
2 L#2 ~ SFtoF Vertical uplift East
Table 3. String pot placement details Table 3. String pot placement details

No. Label Le|l1ng-ﬂ1, Gai:?e, Location Orientation | Ele. |No. Label I'e?:t'" Gai:'ge, Location Orientation | Ele.

1 SP1 5.4375 +1.0 Bottom of the wall to the wall flange Vertical Def. E 16 SP16 5.4375 +1.0 |Top of the foundation to the wall flange|  Vertical Def. w

2 spP2 11.4375 +1.0 Bottom of the wall to the wall flange Vertical Def. E 17 HWSP_01 ~ +4.0 South Web, West Elevation Horizontal Def. S
3 SP3 12 +1.0 On the wall flange Vertical Def. E 18 HWSP_02 ~ £8.0 South Web, West Elevation Horizontal Def. 5
4 SP4 12 +1.0 On the wall flange Vertical Def. E 19 HWSP_03 ~ +10.0 South Web, West Elevation Horizontal Def. S

5 SPS 40 +0.5 On the wall flange Vertical Def. E 20 HWSP_04 ~ +15.0 South Web, West Elevation Horizontal Def. S
6 SP6 80 +0.5 On the wall flange Vertical Def. E 21 HWSP_05 ~ +15.0 South Web, West Elevation Horizontal Def. 5

7 SP7 5.4375 +1.0 Bottom of the wall to the wall web Vertical Def. w22 HFSP_06 ~ +4.0 Flange, West Elevation Horizontal Def. w
8 SP8 11.4375 +1.0 Bottom of the wall to the wall web Vertical Def. W |23 HFSP_07 ~ +4.0 Flange, West Elevation Horizontal Def. W
9 SP9 12 +1.0 On the wall web Vertical Def. w |24 HFSP_08 ~ +10.0 Flange, West Elevation Horizontal Def. w
10 SP10 12 +1.0 On the wall web Vertical Def. W |25 HFSP_09 ~ +10.0 Flange, West Elevation Horizontal Def. w
11 SP11 40 +0.5 On the wall web Vertical Def. w |26 HFSP_10 ~ +15.0 Flange, West Elevation Horizontal Def. w
12 SP12 80 +0.5 On the wall web Vertical Def. W 27 HFSP_11 ~ +15.0 Flange, West Elevation Horizontal Def. w
13 SP13 5.4375 | *1.0 |Top of the foundation to the wall flange|  Vertical Def. E |28 HwsP_12 ~ £15.0 South Web, West Elevation Horizontal Def. | W
14 SP14 5.4375 +1.0 |Top of the foundation to the wall flange|  Vertical Def. w |29 HSP_13 ~ +0.5 | Strong floor to Found. (slippage check) | Horizontal Slip E
15 SP15 5.4375 +1.0 |Top of the foundation to the wall flange|  Vertical Def. E 30 HSP_14 ~ +0.5 | Strong floor to Found. (slippage check) | Horizontal Slip E
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Table 4. Krypton LEDs placement details

No. Label ! L in to El
1 LED_01 (27,0,2 7/16) Web N
2 LED_02 (27,0,5 7/16) Web N
3 LED_03 (27,0,8 7/16) Web N
4 LED_04 (24,0,2 7/16) Web N
5 LED_05 (24,0,5 7/16) Web N
6 LED_06 (24,0,8 7/16) Web N
7 LED_07 (21,0,2 7/16) Web N
8 LED_08 (21,0,5 7/16) Web N
9 LED_09 (21,0,8 7/16) Web N
10 LED_10 (18,0,2 7/16) Web N
11 LED_11 (18,0,5 7/18) Web N
12 LED_12 (18,0,8 7/16) Web N
13 LED_13 (15,0,2 7/16) Web N
14 LED_14 (15,0,5 7/16) Web N
15 LED_15 (15,0,8 7/16) Web N
16 LED_16 | (0,18 3/4,2 7/16) Flange E
17 LED_17 | (0,18 3/4,5 7/16) Flange E
18 LED_18 (0,18 3/4,8 7/16) Flange E
19 LED_19 (0,24 3/4,2 7/16) Flange E
20 LED_20 | (0,24 3/4,5 7/16 Flange E
21 LED_21 (0,24 3/4,8 7/16 Flange E
22 LED 22 (0,30 3/4.2 7/16 Flange E
23 LED_23 (0,30 3/4,5 7/16, Flange E
24 LED_24 | (0,30 3/4,8 7/16) Flange E
25 LED_25 | (0,36 3/4,2 7/16) Flange E
26 LED_26 | (0,36 3/4,5 7/16) Flange E
27 LED_27 | (0,36 3/4,8 7/16) Flange E
28 LED_28 | (0,42 3/4,2 7/16 Flange E
29 LED_29 (0,42 3/4,5 7/16, Flange E
30 LED_30 (0,42 3/4,8 7/16 Flange E
31 LED_31 (0,45 3/4,2 7/16, Flange E
32 LED_32 | (0,45 3/4,8 7/16) Flange E
33 LED_33 | (0,48 3/4,2 7/16) Flange E
34 LED_34 | (0,48 3/4,5 7/16) Flange E
35 LED_35 (0,48 3/4,8 7/16) Flange E

* From the defined origin on the foundation (X,Y,Z).
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APPENDIX E

Drawings of Repaired C-Shaped Wall

This Appendix includes drawings of the repaired wall specimen and the dimensions of the splice (repair)
steel plates. These drawings were produced by Cives Steel Company, but have been modified by the
authors as indicated below to reflect the final as-built repair implementation:
e Missing additional square washers and threaded bars in the 3™ and 4" rows of the webs were
added to the original drawing.

o The fillet weld size at the top of the splice plate was changed to 5/16in. instead of 3/16in.
o The number of tie bars were changed to 24 instead of 12.

Furthermore, even though it is not shown in the drawings, the bottom of the splice plates were beveled to

facilitate their welding to the thicker wall plate in the footing.
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E.l Repaired C-Shaped Specimen: Instrumentation Plan

Instrumentation Plan of Repaired C-Shaped Wall This Appendix B includes the instrumentation plans for

the strain gauges, and string and linear potentiometers for the repaired wall specimen.
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Table 1. Strain Gauge List

No. Label Location Orientation Elevation Distance, in
1 SG_FE_0.6 FE Vert. East 5.4375
2 SG_FW_13 FW Vert. West 5.4375
3 SG_SWE_D7 SWE Vert. East 5.4375
4 SG_SWW_10 SWW Vert. West 5.4375
5 SG_FE_DS FE Vert., East 5.4375
6 SG_PW_14 FW Vert. West 5.4375
7 SG_SWE_25 SWE Vert. East 29.4375
8 SG_SWW_28 SWW Vert, West 29.4375
9 SG_FE_24 FE Vert. East 29.4375
10 SG_FW_31 FW Vert. West 29.4375
11 SG_FE_23 FE Vert. East 29.4375
12 SG_PW_32 FW Vert. West 29.4375
13 SG_SWN_29 SWN Vert, Morth 29.4375
14 SG_SWS_27 SWS Vert. South 29.4375
15 SG_SWE_43 SWE Vert. East 35.4375
16 SG_SWW_46 SWW Vert. West 35.4375
17 SG_FE_42 FE Vert. East 35.4375
18 SG_FW_49 FW Vert. West 35.4375
19 SG_FE_41 FE Vert. East 35.4375
20 SG_PW_50 FW Vert. West 35.4375
21 SG_SWN_47 SWN Vert. North 35.4375
22 SG_SWS_45 SWS Vert. South 35.4375
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Table 2. LVDT details.

No. Label Location Orientation Elevation |Length, in
1 L1 Attached to the footing Vertical Def. East 2%1
2 L2 Attached to the footing Vertical Def. West 2+1
3 SPE1 Attached to the North web Vertical Def. East 2+1
4 SPE2 Attached to the North web Vertical Def. West 2x1
Table 3. Vertical string pot details Table 4. Horizontal string pot details
No. Label Location Orientation | Elevation |Length, in||_NO- Label Location Orientation |Elevation| Length, in | Distance from top of footing, in
Attached to th
0On existing steel plate above 1 | HW5P_101 fc th ° h ®  |Horizontal Def.|  West 20+1 3.5
1 SP1 repaired Vertical Def. East 4.6875 —outh we
repaired part . Attached to the )
On existing steel plate above 2 HWSP_01 couth web Horizontal Def.|  West 20+£1 49.5
2 spP2 repaired Vertical Def. East 9.6875 —ouUth wel
o o 3 | Hwepop | Atechedtothe o talDef.| west 201 69.5
On existing steel plate above = < . = .
3 sP3 ng £ - P Vertical Def. |  East 12 South web
spn et 4 | Hwsp oz | AUEchedtothe | nalDef| west W1 89.5
On existing steel plate above - < . = .
4 SP4 g si=s P Vertical Def. | East 12 South web
repaired part Attached to the
On existing stesl plate above 5 HWSP_04 < outh weh Horizontal Def.|  West 201 122.5
5 SP5 repaired Vertical Def. East 48 —Outh we
repaired part - Attached to the )
On existing steel plate above 6 HWSP_05 outh weh Horizontal Def.|  West 2W0£1 156.5
6 SPE I Vertical Def. East 48 —OUTn we
repaired part - Attached to the X
On existing steel plate above 7 HFSP_106 West Flange Horizontal Def.|  West 20+£1 23.5
7 SP7 ] . Vertical Def. West 4.6875 — ng
repaired part - Attached to the ]
On existing steel plate above 8 HFSP_0B West Flange Horizontal Def. West 20+1 49.5
8 5P8 - Vertical Def. West 8.6873 = ng
repaired part - Attached to the ]
On existing steel plate above 9 HFSP_07 \West Flange Horizontal Def.|  West 201 49.5
] 5Pg = Vertical Def. |  West 12 st Mand
repaired part - Attached to the )
On existing steal plate above 10 HFSP_08 West Flange Horizontal Def.|  West 201 89.5
10 SP10 i . Vertical Def. West 12 - ng
repaired part - Attached to the ]
On existing steel plate above 11 HFSP_09 West Flange Horizontal Def.|  West 201 89.5
11 5P11 ) . Vertical Def. West 48 - ng
repaired part - Attached to the X
On existing steel plate above 12 HFSP_10 West Flange Horizontal Def.|  West 2W0£1 156.5
12 5P12 ] . Vertical Def. Weast 48 - ng
repaired part HFSP 11 Attached to the j
13 P13 On repaired steel plate Vertical Def. East 54375 13 SP_ West Flange Horizontal Def. West 20+1 156.5
14 SP14 On repaired steel plate Vertical Def. West 54375 Attached to the
15 =Pis On repaired steel plate Vertical Def. rom— 54375 14 HWSP_12 North Web Horizontal Def.|  West 20+£1 156.5
16 SP16 On repaired steel plate Vertical Def. West 54375 N Iiteched to the i 2 (from ot foor
17 SPL7 On repaired steel plate Vertical Def. | East sagzs || 13| HSPA3 footing Horizontal Def.|  East 20£1 (from strong fioor)
18 SP1B On repaired steel plate Vertical Def. East 11.4375 Hep 14 Attached to the j 3 [from strong floor
19 SP1g On repaired steel plate Vertical Def. East 17 14 aP_ footing Horizontal Def. East W0+1 (from strong floor)
20 SP20 On repaired steel plate Vertical Def. West 5.4375
21 SP21 On repaired steel plate Vertical Def. | West 11.4375
22 SP22 On repaired steel plate Vertical Def. West 12
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