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ABSTRACT

Structural walls in safety-related nuclear facilities are required to be designed for seismic and accident thermal (due to postulated high-
energy pipe break events) loading combination. Current U.S. and international codes provide limited guidance for analysis and design of
walls for this loading combination. This paper describes the experimental results and observations from tests conducted on a laboratory-
scale (1:4 to 1:5) test unit representing steel-plate composite (SC) walls subjected to combined in-plane (seismic) and accident thermal
loading. The test unit was subjected to surface temperatures of up to 450°F in combination with cyclic in-plane loading. Results of similar
experiments recently conducted in Japan are also summarized (with surface temperatures up to 570°F). Surface heating combined with the
low thermal conductivity and high specific heat of concrete resulted in nonlinear thermal gradients through the thickness of the specimens.
These nonlinear thermal gradients and the associated self- or internal restraint led to extensive concrete cracking. This concrete cracking
reduced the initial and secant stiffness of the specimens. The initial stiffness of the heated specimens reduced to 30 to 40% of the initial
stiffness of the control (unheated) specimen. The secant stiffness of the heated specimens reduced up to 50% of the secant stiffness of the
control (unheated) specimen. However, the in-plane shear strength of the heated SC specimens was still approximately 10 to 30% greater
than the nominal in-plane shear strength calculated, for the limit state of steel plate von Mises yielding, using AISC N690 equations and
measured material properties. Evaluation of the experimental results and observations suggests that the in-plane shear strength of SC walls
subjected to typical accident surface temperatures (up to 570°F) can be estimated conservatively using the current provisions of AISC N690.
The stiffness for accident thermal loading combinations can be considered to reduce from cracked composite stiffness at ambient tempera-
ture to fully cracked—that is, steel-only stiffness as the surface temperature increases up to typical accident value.
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INTRODUCTION steel modules filled with plain concrete. The modules con-
sist of two steel faceplates that form the opposite surfaces
of the wall and define its total thickness. The faceplates are
connected to each other using ties spaced uniformly in both
the vertical and horizontal directions. These ties consist of
steel rods or structural shapes (angles, channels, plates, etc.)
that are typically welded to the steel faceplates. The ties
provide structural stability during transportation, handling,
and erection. Steel headed stud anchors may be welded to
the interior surfaces of the steel faceplates. Stud anchors
and/or ties provide composite action, faceplate local buck-
ling restraint, and anchorage to the infill after concrete
placement. The ties also provide composite action and
anchorage to the concrete infill and serve as out-of-plane
shear reinforcement for the composite SC walls. The steel
modules—consisting of faceplates, ties, and stud anchors—
can be prefabricated in the shop, transported to the site,

S trutural walls in safety-related facilities may be a part
of labyrinthine structures (with cross-walls, typical
to nuclear construction), or stand-alone shear walls [typi-
cal in Department of Energy (DOE)-type nuclear facilities
or commercial construction]. These structural walls may
be reinforced concrete (RC) or steel-plate composite (SC)
walls depending on the overall structure or plant design.
While RC walls have been traditionally used, SC structures
are also being used for the third generation of nuclear power
plants and being considered for small modular reactors
(SMR) of the future. SC walls are comprised of structural
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assembled into larger modular structures, and then filled
with plain concrete, thus leveraging modular construction
approaches to expedite construction schedule and optimize
overall project costs (NRC, 2011, 2012; Schlaseman and
Russell, 2004).

Advantages of modular SC walls in terms of structural
efficiency and construction economy (Varma et al., 2015;
Sener et al., 2015b; Booth et al., 2015; Bruhl et al., 2015;
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Bruhl and Varma, 2018) have led to the SC walls being
considered for commercial construction. There has been
recent research on the commercial building application of
SC walls with boundary elements (Selvarajah, 2013; Bru-
neau et al., 2013; Ji et al., 2017; Varma et al., 2017). The
current building codes, namely, ASCE 7 (ASCE, 2022) and
AISC 341 (AISC, 2016), permit the use of composite plate
shear walls-concrete filled (C-PSW/CF), with boundary
elements, in seismic regions (Bruneau et al., 2013; Alzeni
and Bruneau, 2014).

There are some significant differences between SC walls
used in safety-related nuclear facilities and those used in
commercial building projects. Safety-related nuclear facili-
ties are labyrinthine in plan and consist of numerous cross-
connecting, intersecting, squat (or short) SC walls with
height-to-length ratios less than 1.0. There are typically no
other structural frames or lateral force-resisting systems
besides this network of SC walls. Commercial building
structures typically use steel gravity frames and a lateral
force-resisting system for wind and seismic loads. The
lateral-force resisting system may consist of individual SC
walls (with or without boundary elements) as distributed
shear walls or coupled composite SC shear walls with ade-
quate coupling action. In both cases, the SC walls are tall
slender structures with height-to-length ratios greater than
3.0 and are governed by their in-plane flexure behavior.
Another major difference is that SC walls in safety-related
nuclear facilities have to be designed for the accident ther-
mal plus seismic loading combination as specified in the
Code Requirements for Nuclear Safety-Related Concrete
Structures and Commentary (ACI 349, 2013), the Speci-
fication for Safety-Related Steel Structures for Nuclear
Facilities (AISC N690, 2018), and the U.S. Nuclear Regula-
tory Commission’s RG 1.142 (NRC, 2020) and RG 1.243
(NRC, 2021). During this challenging design-basis load
combination, the facility is expected to shut down safely,
which requires all the equipment to function and the struc-
ture to respond with limited inelastic deformations. The SC
structure stiffness and strength during the combined acci-
dent thermal plus seismic loading combination are required
to check the structure design strength against the design
demands calculated using appropriate models and to verify
the in-structure response spectra for equipment perfor-
mance. The Fukushima nuclear accident of 2011 empha-
sized the importance of this design-basis load combination.
Although the probability of multiple design-basis events
occurring simultaneously is low, severe impact of one haz-
ard may trigger other hazards; for example, earthquake
shocks may lead to accident thermal events. Subsequent
aftershocks (potentially as intense as the main shock) may
occur during the accident thermal event. This load combi-
nation of accident thermal loading and safe shutdown earth-
quake (SSE) also presents a significant design challenge for
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small modular reactors (SMRs) since postulated accident
scenarios may cause higher magnitudes of elevated tem-
peratures for longer durations in their smaller constrained
spaces.

Current design codes and standards offer limited proce-
dural guidance for including the effects of accident thermal
loading on seismic behavior (stiffness, strength, ductility, or
reserve margin) of structures. Existing research focuses on
the individual effects of either seismic or accident thermal
loading, but not the combination of these loads. There is
a need to develop design guidelines (based on experimen-
tal and numerical studies) for structural walls subjected to
combined accident thermal and seismic loading.

This paper presents an experimental evaluation of the
seismic (in-plane) behavior of squat SC wall specimens
(with boundary elements) subjected to typical accident
temperatures for Generation III pressurized water reactors
(PWRs). Since the behavior of SC walls (with boundary
elements or flanges, which may be cross-SC walls or clo-
sure steel flange plates, as seen in Figure 3) is fundamen-
tally different from the behavior of SC wall piers (without
boundary elements) (Kurt et al., 2016), the evaluation of
SC wall piers for combined seismic and thermal loading is
presented in Bhardwaj et al. (2019a). The authors have also
conducted similar studies for RC beams (Sener et al., 2019a)
and RC walls (Bhardwaj et al., 2018; Anwar et al. 2019).
This paper first discusses relevant research conducted on
SC walls subjected to individual hazards like seismic and
accident thermal loads. Recent experimental studies con-
ducted in Japan on SC walls subjected to combined thermal
and seismic loading are also summarized. The paper then
discusses the experimental studies conducted by authors in
detail. This discussion includes the experimental approach,
setup, test unit design and testing procedure, and instru-
mentation layout. The experimental measurements, results,
and observations are used to evaluate the performance of
SC walls. Results of experiments conducted by the authors,
and findings reported by Japanese researchers are com-
pared with current specifications for design of SC walls in
safety-related nuclear facilities, AISC N690 (2018). These
results are used to develop stiffness and strength recom-
mendations for SC walls subjected to combined seismic and
thermal loads.

BACKGROUND

In the past, experimental and numerical research was con-
ducted to evaluate the response of SC walls to seismic
(in-plane) loading. Numerical studies were conducted to
investigate the effect of accident thermal loading on SC
structures. The existing body of research on the in-plane
response of SC walls, and material and structural response
to accident thermal loading are discussed in this section.



In-Plane Loading

For SC walls, in-plane flexure (bending moment) is primar-
ily resisted by the boundary elements (flanges—e.g., cross
SC walls or steel flange plates). In-plane shear is resisted
primarily by the web of the wall. The in-plane shear behav-
ior of SC walls was developed by Ozaki et al. (2004) and
extended by Varma et al. (2014). The in-plane behavior can
be represented by a tri-linear shear force—strain (S,,~Yx,)
curve. As described in Ozaki et al. (2004) and Seo et al.
(2016), the in-plane response of SC walls can be defined by
a mechanics-based behavior model (MBM) that uses com-
posite plate theory. The in-plane behavior was idealized into
three parts: (1) before concrete cracking, where concrete
and steel plates are elastic and perfect bond between them
can be assumed; (2) post-cracking, where cracks form in
the concrete while steel plates remain elastic; and (3) post-
yield, where faceplates undergo von Mises yielding. The
in-plane shear strength (based on von Mises yielding) and
stiffness (tripartite stiffness) requirements in AISC N690
(2018) are based on the trilinear MBM. Seo et al. (2016)
verified the tri-linear curve using a large in-plane shear test
experimental database and observed that AISC N690 equa-
tions estimated the in-plane strength conservatively.

Booth et al. (2020) demonstrated that SC walls have
additional in-plane strength beyond the von Mises yielding
of faceplates. The authors provided mechanics-based equa-
tions for calculating the ultimate in-plane shear strength,
V.., of SC walls. This additional post-yield shear resistance
is provided by the concrete compression strut (concrete
arch action) that develops along the compression diagonal
and is anchored into the boundary elements. The post-yield
strength contribution depends on the compression capac-
ity of the concrete diagonal strut, which is subjected to
crack opening by the transverse tensile strain field, and
the strength of the boundary elements and the connection
between the wall (web) and boundary elements to anchor
and resist the thrust being delivered by the concrete com-
pression diagonal strut.

Thermal Loading

Structural walls in safety-related nuclear facilities may
be subjected to accident thermal loads due to postulated
high-energy pipe break events in pressurized water reac-
tors. These accidents result in thermal and pressure loading
on the walls. This article focuses on the effect of thermal
loading on the in-plane shear behavior of SC walls. Acci-
dent pressures may result in out-of-plane loading on the
walls. Behavior of SC wall piers under biaxial loading
(in-plane and out-of-plane loading) is discussed elsewhere
in Bhardwaj et al. (2019b). For accident thermal loading,
thermal-hydraulic analyses are conducted to estimate the
temperature histories (7-¢ plots) for the surfaces of walls

exposed to accidents. Sener et al. (2015a) identified and
developed typical accident temperature-time histories for
the containment internal structure of pressurized water
reactors using the envelopes of 7-¢ histories published in
design control documents for various plant designs. The 7-¢
curves used for this experimental study were representative
of these typical accident temperature-time histories.

The surface 7-t curve, and concrete and steel thermal
properties govern the evolution of the through-thickness
nonlinear thermal gradients for the walls. The thermal
and mechanical properties of steel and concrete depend on
the associated temperature. Significant research has been
conducted on the change in steel and concrete properties
at elevated temperatures (Hong and Varma, 2009; Naus,
2009; Takeuchi et al., 1993; Kodur et al., 2010). However,
most of the research has focused on elevated tempera-
tures associated with fire scenarios that are significantly
higher (1500-1800°F) than typical accident temperatures
(up to 570°F) in safety-related nuclear facilities. The rec-
ommendations for steel and concrete material properties
at elevated temperatures are provided in Eurocode 2 and 3
(CEN, 2004, 2005) and AISC N690 (AISC, 2018). For the
range of accident temperatures (up to 572°F), the steel yield
and tensile strength values do not reduce. However, the steel
stress-strain curves become nonlinear before reaching the
yield plateau, and this nonlinearity increases with increase
in temperature. The modulus of elasticity of steel reduces
by about 20% as the temperature increases from ambi-
ent, 68°F, to 572°F. Unlike steel, the concrete compression
strength reduces considerably for the range of accident ther-
mal temperatures. While there is no reduction for tempera-
tures up to 212°F, the compressive strength reduces by 10%
for 390°F and by 15% for 572°F. Additionally, the reduction
in initial modulus of elasticity is higher for concrete than
that for steel. The modulus of elasticity of concrete in com-
pression reduces by 40% as concrete temperature increases
from ambient, 68°F, to 572°F. Material properties such as
the thermal conductivity, specific heat, and thermal expan-
sion are also provided as functions of elevated temperatures
in Eurocode 2 and 3.

Thermal loading on structures results in internal stresses
in the walls. These thermal stresses differ from stresses
generated by mechanical loads in the sense that they are
generated by restraints against thermal deformations rather
than to equilibrate applied loads. Thermally induced inter-
nal stresses are self-relieving—that is, thermal (tensile)
stresses can be relieved as the restraint reduces due to con-
crete cracking, reinforcement yielding, creep, and relax-
ation. Bhardwaj et al. (2015) discussed the effect of accident
thermal loads (from postulated pipe break scenarios) on the
structural behavior of wall structures, and the evolution of
through thickness nonlinear thermal gradients for accident
thermal loads. During the first few hours (up to one day)
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of the thermal accident, structural members are subjected
to significantly nonlinear thermal gradients through the
thickness. These nonlinear thermal gradients induce con-
crete cracking due to internal or self-restraint (Sener et al.,
2019a; Bhardwaj et al., 2015). After the first few days of the
accident, the thermal gradients become relatively uniform
through the thickness. The concrete crack widths, produced
during the first few hours due to self-restraint, may reduce
or even close due to the uniformity of temperatures (elimi-
nation of nonlinear gradient and corresponding internal
restraint) through the thickness. Additionally, the uniform
temperature magnitudes are lower than the maximum val-
ues reached earlier. However, the concrete does not regain
its uncracked stiffness for mechanical loads.

This structural response to thermal loads was numeri-
cally validated by Bhardwaj et al. (2015), by subjecting
48 in. thick RC structures to idealized 7-t curves. The
response was also experimentally verified by Vecchio and
Sato (1990) on an RC portal frame structure that was sub-
jected to surface temperature change of up to 144°F from
one side. The experimental results indicated that the inter-
nal forces, strains, and deformations (demands) induced
by thermal loading were largest shortly after the peak sur-
face temperatures were attained, when the nonlinearity in
the thermal gradient was greatest. The thermally induced
demands gradually reduced as the through-depth thermal
gradient became uniform with continued heating. The test
results also verified that thermally induced concrete crack-
ing was observed in the externally unrestrained sections of
the portal frame due to the internal restraints to free ther-
mal expansion associated with the nonlinear temperature
gradient. The mechanical load test results performed fol-
lowing thermal loading showed that the frame response
was in accordance with the cracked section stiffness, and
uncracked section stiffness overestimated the response
significantly. Recently, Sener et al. (2019a) subjected six
reinforced beam specimens to different combinations
of accident thermal and out-of-plane shear loadings. The
beam specimens had two different clear covers (0.75 in. and
1.5 in.), two surface temperature magnitudes (300°F and
450°F), and different heating locations (two-sided vs. one-
sided, shear span vs. constant-moment region). The authors
observed that section shear stiffness reduced due to ther-
mal loading. Lower clear cover or higher surface tempera-
tures resulted in measured shear strength values marginally
lower than those calculated per ACI 349 (2013).

PREVIOUS STUDIES

Kitajima et al. (2017) have conducted experimental studies
on the seismic behavior of squat (shear-critical) SC walls
subjected to accident thermal loading. Details of the speci-
mens (Specimens 2, 3,4, 5, and 7) are presented in Table 1.
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The table includes the specimen height (%), length (/,,), thick-
ness (T), faceplate thickness (t,), flange plate thickness (zy),
aspect ratio, faceplate reinforcement ratio (p = 2¢,/T), face-
plate stud spacing (s/T), faceplate slenderness ratio (s/t,),
flange plate slenderness ratio (ss/1y), tie spacing (S/T), face-
plate (F,,) and flange plate (Fyy) yield strengths, concrete
compressive strength (f/), maximum surface temperature
(T,nax), lateral loading protocol (cyclic or monotonic), and
duration of heating for the specimens. The tested specimens
were 1:7 scale models of SC walls for the containment ves-
sel structure. The specimens had a height-to-length ratio of
1.0, wall thickness of 11.2 in., steel faceplate thickness of
0.091 in., and flange plate (end plate) thickness of 0.87 in.
The specimens were restrained against rotation at top and
bottom, resulting in a shear aspect (moment-to-shear) ratio
of 0.5.

These identical specimens were tested for different com-
binations of lateral and accident thermal loading, includ-
ing (1) monotonic lateral loading at ambient temperature
(Specimen 2, Control specimen); (2) monotonic lateral
loading with accident temperature of 293°F, heated for
30 days (Specimen 3); (3) cyclic lateral loading with acci-
dent temperature of 293°F, heated for 30 days (Specimen 4);
(4) monotonic lateral loading with accident temperature of
347°F, heated for 60 minutes (Specimen 5); and (5) mono-
tonic lateral loading with accident temperature of 572°F,
heated for 30 days (Specimen 7). The measured concrete
compressive strengths, f;, for the specimens are presented
in Table 1. Kitajima et al. (2017) did not report the measured
strengths for steel plates. However, the measured proper-
ties for the plate material used (SPV 490) were reported
in a companion paper (Hirama et al., 2015) and have been
included in Table 1.

Table 2 summarizes the measured lateral strength, V,,_;p,
initial stiffness, Kj,, and secant stiffness, K., for speci-
mens tested by Kitajima et al. (2017). The table also shows
the reduction in strength and initial, Kj,, and secant, K.,
stiffnesses of the heated specimens in comparison with
those of the ambient (control) specimen, Specimen 2. For
example, V,,_,-p/ Vyp-ip-2 is the ratio of measured strength of the
heated specimens with respect to that of the control Speci-
men 2. A reduction of 15-30% in lateral strength, V,_;,,
of the heated specimens was observed with respect to the
strength for control specimen. In spite of this reduction, the
lateral strengths of the heated specimens were greater than
the nominal strength calculated using measured proper-
ties and the AISC N690 (2018) equation for in-plane shear
strength (V€ corresponding to von Mises yielding of
faceplates), with a safety margin ranging from 9% to 36%
(as seen in Table 4, discussed later).

The initial stiffness of the heated specimens was reduced
to 30—-40% of the initial stiffness of the ambient (Control)
Specimen 2. This significant reduction in initial stiffness



Table 1. Specimen and Test Unit Details
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Table 2. Results of Experiments by Kitajima et al. (2017)
Tmax Vn-ip Ki Ksec
Specimen (F) (kips) (kips/in.) (kips/in.) Vi-ip/Vin-ip-2 Kin/Kin-2 Ksec/Ksec-2
2 Ambient 790 8800 3630 1.00 1.00 1.00
3 293 561 3650 2330 0.71 0.41 0.64
4 293 699 3120 2330 0.88 0.35 0.64
5 347 600 2790 2090 0.76 0.32 0.58
7 572 609 2510 1870 0.77 0.29 0.52

is attributed primarily to the concrete cracking caused by
the thermal loads and the slight reduction in the elastic and
shear moduli of steel and concrete materials, as discussed
previously. The secant stiffness of the heated specimens
was calculated at 60% of the peak load for the control
Specimen 2. The secant stiffness of the heated specimens
reduced to about 50-60% of the secant stiffness of the
ambient Specimen 2. While Specimens 3 and 4 had similar
stiffness reductions, the reduction in strength for the mono-
tonically loaded specimen (Specimen 3) was greater than
that for the specimen with cyclic loading (Specimen 4),
which was an unexpected result.

Most of the specimens tested by Kitajima et al. (2017)
were subjected to heating, while maintaining surface tem-
peratures at the target value, for 30 days (except Speci-
men 5, for which the heating duration was only 60 minutes).
Because the specimens were scaled (1:7 scale), the heating
duration of 30 days will actually correspond to several
months of accident temperature for the physical structure,
which is not representative of the accident scenarios. The
probability of powerful aftershocks (potentially as intense
as the main shock), during or after a thermal accident ini-
tiated by a seismic event, is highest during the first few
hours after the main seismic event. Therefore, the acci-
dent durations should be scaled for the specimens to better
simulate the nonlinear thermal gradient history. The dura-
tion of heating (30 days) for the scaled specimens tested
by Kitajima et al. (2017) would have resulted in uniform
temperature through the thickness [based on the discussion
in Bhardwaj et al. (2015)], which is not representative of the
critical state (with nonlinear thermal gradient) for the wall.
Kitajima et al. (2017) also do not provide any information
about the reduction in the shear stiffness of these (shear-
critical) specimens due to accident thermal temperatures.

To address these concerns, and to supplement the knowl-
edge obtained from the tests by Kitajima et al. (2017), the
authors conducted experiments to evaluate the ambient
stiffness and the stiffness and strength of SC walls for com-
bined thermal and seismic loading. The experiments were
designed to evaluate the effects of different magnitudes
and durations of accident temperatures on the stiffness and
strength of SC walls. Instrumentation layout was designed
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to calculate the secant wall stiffness and the component
shear and flexural stiffnesses of the SC walls for ambient
and accident thermal conditions.

DESIGN OF EXPERIMENTS

This section discusses the design of the test unit, the experi-
mental setup and procedure, and the instrumentation layout
for the tests conducted by the authors.

Design of Test Unit

Table 1 presents the details of the SC wall test unit (SC-W-H)
subjected to combinations of accident thermal and seismic
loading protocols. The faceplate and flange plate slender-
ness ratios were designed to meet the limits recommended
by AISC N690 (2018)—that is, to develop yielding in com-
pression before local buckling, based on Zhang et al. (2014).
The test unit had a shear aspect (wall height-to-length) ratio
of 0.75, and the flange plate thickness was designed to
ensure that the specimen has a shear-critical response simi-
lar to squat walls in safety-related nuclear facilities. Three-
dimensional nonlinear inelastic finite element models were
developed for the specimen tested by Kitajima et al. (2017)
and analyzed using ABAQUS (Simulia, 2014). The model-
ing details are provided in Sener et al. (2019b) and Bhard-
waj (2018), and not repeated here for brevity. Figure 1(a)
compares the results from the finite element analysis of
Specimen 2 with the lateral force-deformation response
reported from the test conducted under monotonic loading.
The figure also includes horizontal lines corresponding to
the in-plane shear strength, V;5¢, and in-plane flexural
capacity, M,,, of the wall. The in-plane shear strength was
calculated using Equation A-N9-20 in AISC N690 (2018),
and the in-plane flexural capacity was calculated using the
plastic stress distribution method in Section NI.2 of AISC
N690, both while using measured material properties. As
shown in Figure 1(a), the stiffness and strength estimated by
the numerical model compared favorably with the experi-
mental results. The benchmarked modeling approach was
then used to predict the behavior and finalize the design
of the SC wall test unit. The numerical models considered



60 ksi yield strength for both the faceplates and the flange
plates. The flange plate thickness of the SC wall test unit
was varied to evaluate behavior and to ensure that the test
unit with wall aspect ratio of 0.75 was shear critical—that
is, have lateral loading corresponding to in-plane flexural
strength greater than that corresponding to in-plane shear
strength. As shown in Figure 1(b), three different thick-
nesses for flange plates were used in the models (0.50, 0.75,
and 1.00 in.). A comparison of these responses indicated
that 0.75 in. flange plate thickness provided sufficient flex-
ural capacity for the test unit to be shear critical and was,
therefore, used for SC-W-H.

Loading and Heating Protocols

Table 3 summarizes the loading and heating protocols for
the test unit SC-W-H. Similar protocols were employed
for SC wall pier and RC wall units tested by the authors
(Bhardwaj et al., 2018, 2019a, 2019b). The test unit was sub-
jected to two surface temperature magnitudes (300°F and
450°F), and force/displacement cycles at heating durations
of 1 hr and 3 hr. The temperature magnitudes were based on
typical containment internal structure (CIS) surface time-
temperature histories for postulated pipe break scenarios
as obtained from public domain documents (discussed in
Sener et al., 2015a). These temperature magnitudes are also
consistent with those used by Kitajima et al. (2017). Based
on the discussion in Bhardwaj et al. (2015): (1) 1 hr heat-
ing duration was selected to develop significant nonlinear
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(a) Lateral load-deformation response of
Specimen 2 from Kitajima et al. (2017)

thermal gradient (resulting in extensive concrete cracking)
through the cross section, and (2) 3 hr heating duration was
selected to reduce the nonlinearity of thermal gradients
through the cross section (potentially reducing the crack
widths). These heating durations (of 1 and 3 hr) result in
through thickness temperature profiles in the scaled test
unit (1:3 to 1:4 scale) similar to those observed in full-scale
(36- to 48-in.-thick) walls. The test unit was cooled down to
ambient temperature after completing the load cycle at 3 hr
of heating and then heated-loaded to the next temperature-
load level.

Figure 2 presents the loading and heating time history
for test unit SC-W-H. The loading and heating cycles are
plotted together against the duration of testing (for clar-
ity, the time for the test unit to cool down between heat-
ing cycles has not been plotted). Loading cycle numbers are
also mentioned in the figure. As shown in Table 3 and Fig-
ure 2, the first three load cycles were performed at ambient
temperature and load levels corresponding to 25, 50, and
75% of the estimated test unit strength, F, (Cycles 1, 2, and
3, respectively). F,, was the force corresponding to nominal
in-plane shear strength (using measured properties) of the
test unit, based on AISC N690 (2018). These initial cycles
were performed to investigate the ambient response of the
wall pre- and post-cracking and before faceplate yield-
ing and to compare the ambient response with responses
(obtained in later cycles) for thermal loading. The ambient
cycles were followed by heated cycles, where the faceplates
and flange plates were heated to a surface temperature of
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(b) Comparison of lateral load-deformation
response of proposed SC wall test unit

Fig. 1. Benchmarking analysis for design of SC-W-H test unit.
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Table 3. Loading and Heating Protocol for SC-W-H
Surface Temperature Heating Duration Target Force/
Cycle No. (°F) (hours) Displacement Level
1 Ambient NA 0.25F,
2 Ambient NA 0.5F,
3 Ambient NA 0.75F,
4 300 1 0.75F,
5 300 3 0.75F,
6 450 1 0.75F,
7 450 3 0.75F,
8 450 1 1.04,
9 450 3 1.04,
10 Ambient NA 1.0,
11 450 1 1.54,
12 450 3 1.5,
13 Ambient NA 1.5,
14 450 1 2.0A,
15 450 3 2.0A,
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Fig. 2. Load and temperature time history for test unit SC-W-H.
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300°F for 1 and 3 hr (Cycles 4 and 5, respectively; some
regions of the wall were subjected to surface temperatures
between 350 and 400°F). Similar heated cycles were con-
ducted for surface temperature of 450°F (Cycles 6 and 7).
The cycles that followed (Cycle 8 onward) were conducted
in displacement control. Yield displacement (A,) was esti-
mated as the displacement corresponding to nominal yield
load (F),) of the test unit, based on the average secant stiff-
ness observed in Cycles 6 and 7. The test continued with
thermal and displacement cycles at 1.0A, (Cycles 8 and 9)
and 1.5A, (Cycles 11 and 12). Additional ambient loading
cycles (10 and 13) were performed after the heated cycles at
target displacement levels of 1.0A, and 1.5A, to determine if
the stiffness increased after cooling. After the 1.5A, cycles,
the test unit was subjected to 2.0A, (Cycles 14 and 15) cycles
with surface temperatures maintained at 450°F for heating
durations of 1 and 3 hr.

Test Setup

Figure 3 shows a photograph of the test unit and setup (with-
out heaters) in Bowen Lab. Lateral loading was applied using
two 660-kip-capacity, double-acting, 12 in. stroke hydraulic
actuators, which were post-tensioned to the laboratory reac-
tion wall through a clevis-and-pin detail and a built-up wall
box. The actuators applied lateral loading through loading
beams that were bolted to the test unit. The steel assembly
for the test unit (with flange plates, faceplates, studs, and
ties) was fabricated, welded to a reusable baseplate founda-
tion, and concrete was poured into the steel assembly. The
steel baseplate was 60 in. long, 21.375 in. wide, and 1 in.
thick. The baseplate had sixty ¥-in.-diameter shear studs
(in three rows) on the top surface to transfer the forces from
concrete infill to the baseplate. The baseplate was anchored
to a concrete foundation block using 85 A706 #6 rebar that

- \"ﬂ_

| SC wall
specimen M

Foundation
block

Flangeplate

Pl
e} \ |
ESSp e P . oINS, '
5 . - K ra gV
= s Faceplate [ \?g\k § Clovises  EL AR

| Specimen welded to the baseplate and strain
gauges and surface thermocouples installed

were 47 in. long. The rebars were attached to the baseplate
using Lenton C3J welded couplers.

The foundation block was post-tensioned to the strong
floor using sixteen 1¥%-in.-diameter DY WIDAG bars, each
post-tensioned to 250 kips. The wall-to-basemat connection
was designed in accordance with AISC N690 (2018) and
following AISC Design Guide 32 (Bhardwaj and Varma,
2017) to be 25% stronger than the wall, and thus limit inelas-
tic deformations, yielding, failure, etc., to the wall portion
outside of the wall-to-basemat connection. The wall-to-
basemat connection included the steel faceplate-to-base-
plate welded connection, the steel flange plate-to-baseplate
welded connection, the wall concrete infill-to-baseplate
connection achieved using shear stud anchors, and the
steel baseplate-to-concrete basemat connection achieved
using rebar anchors welded to the baseplate and embedded
(fully developed) into the concrete foundation block. Ther-
mal loading was applied to the faceplates and the flange
plates (region between the loading beams and baseplate on
the foundation block in Figure 3) using ceramic fiber radi-
ant heating panels that were powered and controlled by a
custom-built control system described in detail in Bhardwaj
(2018).

Instrumentation of Test Unit

Instrumentation layout for the test unit is presented in Fig-
ure 4. Displacement sensors [SPs in Figure 4(b)] were used
to measure the lateral displacement at the loading location
and bottom of the wall. The displacement measurements
were used to obtain lateral force-displacement response of
the test unit, base slip corrections (and to calculate the flex-
ural deformation of the SC wall). Rotation meters (clinom-
eters) were installed at the base of the wall in the in-plane
[CM1 and CM2 in Figure 4(b)] direction. The in-plane

In-plane

#i
actuators

™ o - s

Fig. 3. Test unit and setup (without heaters).
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rotation data was used to apply base rotation corrections bottom region of the inside and outside faces of the flange

to in-plane force-displacement plots [to subtract the rigid plates. Type-K thermocouples were used to measure the
body displacement (due to base rotations) from the mea- surface temperatures and temperature through the thick-
sured displacements]. High-temperature strain gauges were ness of the wall. The surface thermocouples [ST as shown
installed on the faceplates to evaluate the behavior of face- in Figure 4(b)] were installed on the steel plates to control
plates (flexural or shear stresses, buckling, yielding) for lat- the ceramic heaters and to record the surface tempera-
eral loading. Figure 4(a) presents the strain gauge (S) layout tures. Thermocouple trees [TT and CT in Figure 4(a)] were
for the exposed surfaces of the faceplates. Similar layout embedded in the concrete (placed in steel assembly before
of strain gauges was used for the inside of the faceplate. concrete casting) to measure the temperature through the
High-temperature strain gauges were also installed in the thickness of the wall. A thermocouple tree consisted of
—>N Studs 4" Dia.
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(a) Test unit details, strain gauge, and thermocouple tree layout
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(b) String pots, clinometers, surface heaters, and surface thermocouples

Fig. 4. Sensor layout for test unit SC-W-H.
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five thermocouples along the thickness of the wall (at 1, 2,
and 5 in. from the surface of the wall). Layout of the heater
assembly for the East faceplate is also shown in Figure 4(b)
(Heater 1, 2, and 3).

EXPERIMENTAL
OBSERVATIONS AND RESULTS

Table 1 reports the material properties measured on the
day-of-test for the test unit SC-W-H. The test unit SC-W-H
was subjected to loading and heating protocols presented in
Table 3, and histories summarized in Figure 2.

Thermal Gradient

Figure 5(a) illustrates the evolution of through-thickness
thermal gradient for surface temperature of 450°F [obtained
from CT 6-10 in Figure 4(a)]. Even after 3 hr of heating,
a nonlinear thermal gradient persisted through the wall
thickness, with the wall center at approximately 265°F. The
nonlinear thermal gradients and internal restraint resulted
in thermally induced concrete cracking in the wall. For
the case with surface temperature at 300°F (not included
in Figure 5), the nonlinearity in the thermal gradient was
lower and was reduced further as the duration of heating
increased (after 3 hr of heating, the wall mid-thickness was
about 230°F). An equivalent uniform through-thickness
temperature of concrete infill can be estimated by assum-
ing the thermal gradient distribution to be parabolic. The
equivalent uniform concrete temperatures (for 3 hr heating)
were 253°F and 326°F for surface temperatures of 300°F
and 450°F, respectively.

Force-Displacement

Figure 5(b) presents the lateral force-top displacement
response of SC-W-H. The nominal in-plane shear strength
(vAse, using measured properties) of the test unit, based on
AISC N690 (2018) provisions is also indicated in the fig-
ure. The test unit reached an average peak load of 742 kips
(+755 kips/—728 kips). Consistent with observations for
heated specimens by Kitajima et al. (2017), the peak load
for the test unit was 29% higher than V;*¢. This confirms
that the strength of SC walls subjected to typical accident
temperatures can be estimated conservatively using current
U.S. code provisions. However, accident thermal loads did
reduce the stiffness of the test units. Heated cycles (shown
with solid red lines) are less stiff than the corresponding
ambient cycles (shown with dotted black lines). In order to
look closely at the stiffness reduction due to accident ther-
mal loads, ambient and heated (3 hr duration) 0.75F, cycles
are plotted in Figure 5(c). The heated cycles were less stiff
than the ambient cycle, and the reduction in stiffness was
higher for the cycle with surface temperature of 450°F. As

seen in Figure 5(b), the test unit exhibited pinched force-
displacement hysteretic response after thermal loading.
The hysteretic response for thermal cycles exhibited more
extensive pinching than that typically observed at ambient
temperatures because thermally induced strains result in
the concrete crack widths to be larger. This resulted in a
low initial stiffness, but the stiffness increased as compres-
sive stresses (due to lateral loading) gradually closed the
thermally induced cracks.

Progression of Damage

Incremental lateral loading resulted in additional concrete
flexural and shear cracking, followed by faceplate yielding
in tension. Figure 5(d) presents the lateral force-longitudinal
strain response of the faceplates for ambient and heated
(450°F, 1 hr) cycles at 0.75F), and 1.0A, (cycles 3, 6, and 8
and 10 in Table 3 and Figure 2). Strain gauges S3 and S10
were located at the base of the wall between the first and
second row of studs [location of S10 shown in Figure 4(a);
S3 was located on the opposite faceplate, corresponding to
the location of S12 in Figure 4(a)]. Faceplates started yield-
ing in tension during the ambient 0.75F), cycle, as S3 and
S10 strains reached tensile strains of around 2000 pe (net
tensile strains in S3 and S10 were 1750 and 2300 pe, respec-
tively, compared to yield strain of 1980 pe). For the 0.75F,
heated cycle, the net tensile strains were similar. There was
no compression yielding in the faceplates for 0.75F), cycles.
For the 1.0A, heated and ambient cycles, the faceplate ten-
sile strains exceeded the yield strain.

Because the test unit was designed to have a shear critical
response, the flange plates were not expected to yield until
after the A, cycles. Figure 5(e) presents the lateral force-
longitudinal strain response of the flange plates for ambient
0.75F,, 1.0A, and 1.5A, cycles (cycles 3, 10, and 13 in Table 3
and Figure 2). As the faceplate strains for ambient and
heated cycles were similar [Figure 5(d)], only the ambient
cycle strains have been plotted in Figure 5(¢). Strain gauges
S45 (north flange plate) and S47 (south flange plate) were
installed between the bottom two rows of studs on flange
plates, at 5 in. (125 mm) from the base. The flange plates
did not undergo yielding for the cycles shown in the figure
(tensile and compressive strains are lower than yield strain,
2070 pe). However, a reversal of incremental strains was
observed during the 1.5A, cycle [encircled in Figure 5(e)].
Since the flange plate studs were detailed to ensure that the
slenderness criteria of AISC N690 (2018) was satisfied, the
flange plates were not expected to undergo buckling before
compression yielding. However, as the lateral loading
increased and the faceplates underwent von Mises yielding,
the magnitude of concrete compression strut force anchored
at the toe of the wall-to-basemat connection (i.e., at the
flange plate-faceplate-baseplate joint) increased. This com-
pression strut, in combination with the vertical compressive
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Fig. 5. Experimental results for SC-W-H.
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force in flange plate (from the overturning moment induced
by the lateral load), forced the flange plate (and faceplates
near the corners) to bulge out between the bottom two rows
of studs. This flange plate bulging resulted in the reversal
of strains on the exterior face of flange plates [as observed
in Figure 5(e)].

The concrete compression strut also caused additional
stresses in the weld between the faceplate-flange plate-base-
plate. These additional stresses at the weld location, com-
pounded by the weld detail being highly constrained (due to
discontinuities), resulted in the initiation of weld fracture at
the corner joint during the second 2A, cycle (cycle 13). The
weld fracture is shown inset (top right) in Figure 6(a). The
fracture progressed upward into the faceplate-flange plate
weld and downwards into the flange plate-baseplate weld
[shown in bottom right inset in Figure 6(a)]. This fracture
resulted in faceplate and flange plate rupture and failure of
the test unit in the next cycle. Steel rupture of the test unit is
shown in Figure 6(a) (zoomed in to bottom of the test unit).
The weld fracture [shown in top right inset in Figure 6(a)]
propagated to fracture the flange plate and then the face-
plates. The bulging of the faceplates due to the concrete
compression strut (as discussed previously) is also visible
in Figure 6(a).

After the failure of the test unit, one of the faceplates
was removed to inspect the state of the concrete infill. Fig-
ure 6(b) shows the concrete cracking and damage in the
test unit at failure. Concrete infill cracked predominantly in
shear (the cracking angle varied between 35 and 45°). Rup-
ture of the faceplates and flange plate at the base during the
failure cycle resulted in the concrete infill being subjected
to large rotation about the compression toe. This rotation
caused large residual tensile strains and crack opening in
the concrete, which is visible in Figure 6(b). Since the test
unit failed due to plate rupture, there was no concrete com-
pression crushing or faceplate shear buckling in the test
unit.

Stiffness Degradation

The lateral force-top displacement response of the test unit
[Figures 5(b) and (c)] indicated a reduction in wall stiffness
due to thermal loading. Because the test unit was shear con-
trolled, the effect of thermal loads on the shear stiffness on
the test unit is of particular interest. This shear stiffness of
the test unit can be compared with stiffness provisions for
analysis provided in AISC N690 (2018). Per AISC N690,
shear stiffness of the SC wall depends on the magnitude
of lateral loading. For lateral loads lower than a cracking
threshold, SC‘L)ISC, uncracked shear stiffness, GA f,{frc , 1s con-
sidered. For lateral loads greater than 2§ frlsc, the stiffness
is considered to reduce to cracked secant stiffness, GA ?,’SC,
considering orthotropic cracked concrete and plane stress
steel plate behavior. For lateral loads between S ?,ISC and

28455C  the stiffness can be linearly interpolated between
uncracked and cracked stiffnesses. For thermal load com-
binations, the shear stiffness is considered to be cracked,
GAAISC.

Figure 7(a) presents the lateral force-shear strain response
of the test unit (for 0.25F, and 0.5F, ambient cycles), where
the slope of the response is the experimentally observed
shear stiffness. Shear strain for the test unit was calculated
from strain gauge rosettes (S4-6, S7-9, S13-15, S16-18). The
location of strain gauges S13-18 is shown in Figure 4(a).
S4-9 were located on the other faceplate at locations cor-
responding to S13-18 in Figure 4(a). The strain values from
rosettes were used to obtain principal strains and direction.
Shear strain, 7y,, was calculated using the principal strains
and direction. Average shear strain for the four strain gauge
rosettes was plotted in Figure 7(a). The figure includes lines
corresponding to the secant shear stiffness estimated using
AISC provisions—namely, GA ;‘,{frc , GA ?rlsc’ and a line cor-
responding to GAZ™ | which is the tangent cracked shear
stiffness for SC walls estimated using equations in Seo et
al. (2016), also discussed in the AISC N690 commentary.

It is observed that the uncracked stiffness, GA ,ﬁ‘,{f,c , was
not manifest in the test unit (even at ambient conditions).
This may be due to shrinkage-related cracking and concrete
cracking at low magnitude of lateral loads. The test unit
developed shear cracks at force level approximately equal
to S f,[SC, and the stiffness reduced further thereafter. Shear
stiffness for the 0.25F, cycle was approximately equal to
the cracked secant stiffness, GA?,[SC. For the 0.5F), cycle,
the stiffness dropped below GAZASC. However, the shear
stiffnesses for both the cycles were higher than the tangent
cracked stiffness, GAZ*V. This suggests that the lower-
bound shear stiffness of the test unit can be estimated as
GA CT,AN . AISC recommended secant stiffness, GA f,[SC, was
higher than experimentally observed secant stiffness. This
may be because the uncracked stiffness was not manifest
(or the test unit cracked at low magnitude of lateral force).

Figure 7(b) presents the degradation of the experimen-
tally measured shear stiffness of the test unit, where the
measured shear stiffness is normalized with the cracked
tangent stiffness, GA*N. The experimental shear stiffness
was estimated using data from the strain gauge rosettes [as
discussed for Figure 7(a)]. The shear stiffness of the test
unit was also estimated using lateral displacement measure-
ments in order to cross-check the values estimated using
strain gauge rosettes and to obtain stiffness values for
cycles where strain gauges were damaged due to heating.
The corrected top displacement values (corrected for rigid
body displacements associated with base slip and rotation)
consist of both shear and flexural deflections. The flexural
deflection was estimated using El., (cracked flexural stiff-
ness). For calculation of El,.,, the neutral axis location was
considered to be at one-third of the length of the test unit
(consistent with observations based on strain gauge data
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and the cross-section moment curvature relationship). For
heated cycles, the flexural stiffness is considered to linearly
reduce from El,, to El,,, for surface temperature increase,
AT, from 0°F to 270°F (based on the observations and rec-
ommendations discussed later). The shear deflection was
then calculated by subtracting the flexural deflection from
the total deflection, and the shear strain was estimated as
the shear deflection divided by the test unit loading height.
The shear stiffnesses estimated using the strain gauge data,
and lateral displacement data are compared in Figure 7(b).
For the pre-yield 0.5F, and 0.75F, ambient cycles, the
shear stiffness estimated using the lateral displacement data

Faceplate
fracture

Bulging due to
compression strut

Flangeplate
fracture

is slightly higher than the stiffness estimated using strain
gauge data, but the trends are similar. For the 0.75F,, 300°F
cycles, some of the strain gauge rosettes were damaged due
to heating, and the average shear strain consists of only the
functioning rosettes. For the 1.0A, cycles, stiffnesses esti-
mated using displacement data are slightly higher because
the test unit was undergoing shear yielding, which was
not considered in displacement data stiffness calculations.
Based on the comparisons in Figure 7(b), the stiffnesses
estimated using lateral displacement data can be considered
cautiously in the absence of complete or adequate strain
gage data.

(a) Steel failure

(b) Concrete cracking

Fig. 6. Test unit SC-W-H at failure.
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As observed in Figures 7(a) and 7(b), the shear stiffness
for the 0.25F,, and 0.5F,, ambient cycles was higher than the
cracked tangent shear stiffness, GA CT,AN . The ambient shear
stiffness corresponding to 0.75F, was approximately equal
to GA CTrAN . However, the normalized stiffness for 0.75F,
cycles dropped considerably as thermal loading was applied.
The normalized stiffness reduction was 21% for 300°F and
38% for 450°F in comparison to the ambient stiffness. As
mentioned earlier, the reduction in normalized stiffness can
be attributed to (1) the temperature-dependent reduction in
elastic and shear moduli of steel and concrete materials and
(2) concrete cracking effects. Calculations indicate that the
stiffness reduction due to item 1 is 16% for 300°F and 26%
for 450°F. The remaining reduction is due to item 2, which
is concrete cracking induced by thermal strains, nonlinear
gradient, and internal restraint. These experimental results,
observations, and discussion indicate that the reduction in
shear stiffness due to items 1 and 2 needs to be considered
for seismic and thermal loading combinations. Figure 7(b)
also includes a horizontal line corresponding to the ambi-
ent shear stiffness of the steel alone, GAg.;, While ignor-
ing the contribution of the concrete infill due to extensive
cracking. Based on Figure 7(b), the shear stiffness can be
considered to reduce linearly from GA TAN (0 GAjppe) for a
surface temperature increase, A7, from 0°F to 270°F. This
would provide a lower-bound estimate of the shear stiff-
ness and also eliminate the need for using temperature-
dependent properties for typical accident temperatures.

The overall stiffness response of the SC wall is a com-
bination of its flexural and shear stiffnesses. The stiffness
degradation of the SC-W-H test unit was evaluated by con-
sidering the reduction of the normalized stiffness, Ky../K,
with loading and heating cycles. The secant stiffness, Ky,
was calculated as the average of push (+) and pull (-) stiff-
nesses. The push and pull stiffnesses were calculated from
the peak force and corresponding displacement values
(corrected for base slip and base rotation) for a cycle. The
cracked stiffness, K., was calculated using the cracked
flexural and shear stiffness—namely, EI., and GA N Ep,
was calculated considering the neutral axis at one-third of
the test unit length (as discussed previously). Figure 7(c)
presents the degradation of the normalized secant stiffness,
Koo/K.r, of the test unit with loading and heating cycles.
As observed previously in Figure 7(a), the uncracked stiff-
ness did not manifest in the wall (even for the initial cycles).
The secant stiffness, K., of the wall for 0.25F), cycles was
1.9 times K., (which is also 0.52 times the uncracked stiff-
ness). The secant stiffness reduced for higher lateral loads
as the concrete developed shear and flexural cracks. The
secant stiffness corresponding to 0.75F, ambient cycles was
approximately equal to 0.9K,.

As shown in Figure 7(c), accident thermal loading
reduced the normalized stiffness significantly. The secant

stiffness reduced to 0.70K,, for the 0.75F,, 300°F cycles
and to 0.58K,, for the 0.75F,, 450°F cycles. The duration
of heating (1 hr or 3 hr) did not seem to have a signifi-
cant influence on the normalized stiffness because concrete
cracking occurs early upon the introduction of heating due
to the nonlinear thermal gradient and internal restraints.
While the additional heating duration reduces the non-
linearity of the thermal gradient, it does not result in an
increase in the stiffness. To evaluate any change in stiffness
upon cooling down of specimens, ambient cycles were per-
formed after the heated cycles (i.e., the test unit was allowed
to cool down) for the 1.0A, and 1.5A, displacement levels.
The normalized ambient stiffness for the 1.0A, cycle is 20%
higher than normalized heated stiffness. Similarly, for the
1.5A, cycle, the ambient stiffness is marginally higher than
heated stiffness.

EVALUATION OF SC WALL BEHAVIOR
AND RECOMMENDATIONS

Thermal Gradient

The specimens tested by Kitajima et al. (2017) were sub-
jected to surface temperatures ranging from 293°F to 572°F
for heating duration of 30 days (Specimen 4 was heated for
60 min). The specimens (except Specimen 4) were expected
to develop uniform temperature distribution through the
thickness [based on Bhardwaj et al. (2015)]. No informa-
tion was provided regarding the through thickness thermal
gradients. The unit tested by the authors was subjected to
two surface temperature magnitudes (300°F and 450°F)
and two heating durations (1 hr and 3 hr). A nonlinear ther-
mal gradient developed through the wall thickness due to
the thermal loads. The extent of nonlinearity reduced as the
duration of heating increased. The thermal gradient was
higher for surface temperature of 450°F. The mid-thickness
of the test unit was at 265°F corresponding to a surface tem-
perature of 450°F and heating duration of 3 hr. The non-
linear thermal gradient resulted in concrete-cracking due
to self-restraint and external restraints, which reduced the
stiffness of the test unit.

Strength and Stiffness

Table 4 presents the summary of experimental results
discussed in the paper. The table presents the maximum
surface temperature, 7,,,,, maximum increase in surface
temperature (A7,,,,, considering ambient temperature of
68°F), measured lateral strength, V,.;,, and the ratios of
measured strength with nominal strength per AISC N690
(VASE, using measured properties) and the ultimate shear
strength (V,) per Booth et al. (2020). The strength of the
heated specimens tested by Kitajima et al. (2017) was
higher than the nominal in-plane shear strength (using
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measured properties) per AISC N690 (2018), with a safety
margin ranging from 9% to 36%. The experiments indi-
cated that the strength of SC wall specimens reduced by 15
to 30% for accident thermal loads in comparison to strength
of the ambient specimen. Additionally, the strengths of the
heated specimens were up to 15% lower than the calculated
ultimate shear strength at ambient conditions per Booth et
al. (2020). The measured peak strength for the test unit SC-
W-H was 29% higher than VASC (about 25% lower than the
ultimate shear strength). Based on the experimental results,
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the strength of specimens subjected to typical accident
thermal temperatures and durations can be conservatively
estimated using existing strength equations (per U.S. codes,
based on von Mises yielding of steel plates) for ambient
conditions.

Table 4 also presents the normalized initial, Kj,, and
secant stiffnesses, K., and the corrected failure drift ratio
for the specimens and the test unit. Initial stiffness of the
specimens is normalized with theoretical uncracked stiff-
ness, K¢, for the specimens. K, is calculated considering
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Fig. 7. Shear and wall secant stiffness for SC-W-H.
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Table 4. Summary of Experimental Results
Drift Ratio
Tinax AT max Vn-ip Failure
Identiﬁer1 (OF) (AOF) (kips) |/n-ip/ V;:‘ Is¢ Vn-ip/ Vu Kin/ Kuncr Ksec/ Kcr (0/0) Ksec/ Keff
2 Ambient NA 790 1.54 1.08 0.67 0.95 2.3 0.95
3 293 225 561 1.09 0.84 0.29 0.62 4.3 1.02
4 293 225 699 1.36 0.94 0.23 0.61 4.6 1.01
5 347 279 600 1.17 0.87 0.22 0.55 4.0? 1.11
7 572 504 609 1.18 0.95 0.20 0.50 4.02 1.04
Ambient NA 0.52 0.91 0.91
SC-W-H 300 232 7423 1.29 0.72 — 0.68 1178 1.13
450 382 — 0.55 1.10
! Specimens 2-5 and 7 were tested by Kitajima et al. (2017); test unit SC-W-H was tested by the authors.
2 The force-displacement response beyond this drift not presented in Kitajima et al. (2017).
8 Specimen failure initiated by weld fracture.

uncracked shear and flexural stiffnesses of the specimens.
Experimental results indicate that uncracked stiffness was
not manifest in the specimens (even at ambient condi-
tions). This may be due to shrinkage-induced cracking in
the concrete and the concrete cracking in the test unit at
low magnitude of lateral loads. The stiffness of the ambient
specimens reduced further as the magnitude of shear force
applied exceeded the cracking threshold.

Heated specimens by Kitajima et al. (2017) indicated
a reduction of 60 to 70% in initial stiffness due to acci-
dent thermal loading. Secant stiffness of the specimens is
normalized with theoretical cracked stiffness, K,,, of the
specimens (without considering temperature dependent
properties). Calculation of K., was discussed previously (it
can also be calculated by cross-section moment-curvature
analysis). Since the specimens tested by Kitajima et al. were
similar to the test unit SC-W-H, the neutral axis location
for those specimens is also considered at one-third of the
specimen length (confirmed with cross-section moment-
curvature analysis). Ambient secant stiffness of SC wall
specimens can be reasonably estimated as K. Accident
thermal loads significantly reduce the stiffness of the spec-
imens. The extent of reduction in stiffness depends on the
temperature magnitude of thermal accident. Heated speci-
mens tested by Kitajima et al. experienced a secant stiffness
reduction of up to 50% in comparison to secant stiffness
for ambient specimen. Heated secant stiffness (and shear
stiffness) for test unit SC-W-H reduced by about 25% for
300°F and 40% for 450°F, in comparison to ambient secant
(and shear) stiffness. Kitajima et al. specimens failed at
drift ratios ranging from 2.3 to 4.6% with significant post-
peak ductility. SC-W-H failed due to weld fracture, but still
reached a drift ratio of 1.17%.

Based on the experimental results, the secant stiffness
(flexure and shear stiffness) for shear-controlled SC walls
can be considered to linearly reduce from cracked stiff-
ness to steel-only stiffness for surface temperature change,
AT, from O°F to 270°F. The effective in-plane flexural and
shear stiffnesses for SC walls can be calculated as shown
in Equations 1 and 2, respectively (all values in U.S. units).
While the equations are consistent with those proposed for
SC wall piers (Bhardwaj et al., 2019a), the calculation of
individual terms is different for SC walls and SC wall piers.

(EIcr — Esls)

ELy = EI, —
& 270

AT 2 E,, N

(GACT;AN_ GSAS)

GA = GAIMN -
& 270

AT>G,A, (2

Table 4 also presents the comparison of secant stiffnesses
for the specimens normalized with recommended effective
stiffnesses, Ksec./quf; K4 is calculated considering El ¢ and
GA, ¢ as recommended in Equations 1 and 2. The secant
(ambient and heated) stiffnesses of the specimens can be
reasonably estimated using the recommendations. Because
the recommended stiffness reductions provide lower-bound
estimates of stiffness, they eliminate the need to consider
temperature-dependent properties (for typical accident tem-
peratures up to 572°F). The stiffness recommendations are
based on the experiments discussed in this paper. Further
experimental or numerical research is needed to validate
the recommendations for range of parameters not consid-
ered in this paper. The recommended stiffness values can
be used to conduct analyses for seismic and accident ther-
mal loading combination per AISC N690 (2018) and as
illustrated in Bhardwaj and Varma (2017).

ENGINEERING JOURNAL / SECOND QUARTER /2023 / 89



CONCLUSIONS

Steel-plate composite walls in labyrinthine safety-related
nuclear facilities need to be designed for combination of
accident thermal scenarios with design basis shaking. This
paper describes the experimental results for SC walls sub-
jected to combination of accident thermal temperature and
seismic loads. The results of SC wall specimens tested by
Japanese researchers and the unit tested by the authors were
presented in this paper. The following conclusions can be
drawn from the experiments:

Based on the data available in design control documents,
typical accident temperatures for nuclear facilities may
range from 300°F to 570°F, with the temperatures main-
tained for up to a few days after the accident. The thermal
accidents result in the evolution of nonlinear thermal gra-
dients through the cross section. The thermal gradients are
highly nonlinear for the first few hours after the accident,
and the extent of nonlinearity reduces as the concrete tem-
perature increases with time.

The nominal in-plane shear strength of SC walls at ambi-
ent temperatures can be conservatively estimated using the
provisions of AISC N690 (2018), which correspond to the
limit state of von Mises yielding of the steel faceplates. The
ultimate in-plane shear strength of SC walls at ambient
temperatures may be calculated using equations by Booth
et al. (2020). The in-plane shear strength of specimens
subjected to typical accident thermal temperatures (up to
570°F) and durations should be limited to that calculated
using the current AISC N690 strength equations for ambi-
ent temperatures (based on von Mises yielding of the steel
plates); that is, the Booth et al. (2020) equations cannot be
used for calculating in-plane shear strength at accident ther-
mal temperatures.

Ambient secant stiffness of SC walls can be reasonably
estimated considering cracked flexural, El., and shear
stiffnesses, GA.,. EI., can be calculated from the moment-
curvature relationship, and GA., can be estimated as the
tangent shear stiffness, GAI*", based on composite plate
theory (Seo et al., 2016). The stiffness of SC walls may
be significantly reduced depending on the magnitude of
surface temperature and the duration of the accident. The
SC unit tested by the authors exhibited reduction in secant
stiffness (and shear stiffness) of 25% for surface tempera-
ture of 300°F and 40% for surface temperature of 450°F in
comparison to the ambient secant stiffness.

The specimens tested by Kitajima et al. (2017) exhibited
stiffness reductions of up to 50% of the ambient secant stiff-
nesses. The reduction in stiffness is due to concrete crack-
ing and reduced elastic and shear moduli of the steel and
concrete at elevated temperatures. Concrete cracking also
leads to higher stress in steel plates, which may cause the
steel plates to yield at lower loads. The stiffness reduction
due to accident thermal loads can be considered in analysis
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by using effective flexure and shear stiffnesses. The effec-
tive stiffnesses can be assumed to linearly reduce from
cracked stiffness to steel-only stiffness for surface tempera-
ture change, AT, from O°F to 270°F. The effective stiffness
recommendations are based on the experimental studies
discussed in this paper. Additional experimental or numeri-
cal research is recommended to further verify and improve
the applicability of these recommendations for range of
parameters not considered in this paper. For example, this
article does not consider the effect of one-sided heating on
the strength and stiffness of SC walls. Additional studies
are needed to evaluate these effects.
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