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ABSTRACT

Analytical and experimental studies were condudtethvestigate the joint shear behavior and
strength of steel-plate composite (SC) wall-to-Wajbints in safety-related nuclear facilities. $hgaper
focuses on T-joints, which occur commonly in comtaént internal structures and other similar stngstu
Full-strength connection design is recommendedtich wall-to-wall T-joints, where energy dissipatio
occurs through inelasticity and formation of pladtinges in the SC walls, and the joint region has
adequate shear strength to resist the demandgipiadé by the plastic hinges in the connected S@sw
Since joint shear strength is the focus of thisgpapxperimental and analytical studies were coteduc
on specimens designed to fail in shear in the jagion. A large-scale test was conducted on aw&lz
to-wall T-joint specimen that was designed to ifajoint shear. A detailed nonlinear finite elemeradel
was developed to predict the behavior of the tesfmtimen, and to gain additional insights into the
observed behavior. The experimental and analytieallts are compared with ACI 349-06 code
provisions for calculating the joint shear strengtineinforced concrete beam-to-column joints.

INTRODUCTION

Steel-plate composite (SC) structures have beet fasehe primary and secondary shield walls
within the containment internal structures (CIS)thé third generation nuclear power plants. They ar
also being considered for the small modular readd8MR). Significant research has been conducted on
the behavior, analysis, and design of SC wallfiéndS and abroad (KEPIC-SNG 2010 and Varma et al.
2011). Design recommendations have been develgmatiton findings from the investigations.

The joint regions of SC walls are typically desidgreich that the connection strength is greater
than that of the connected SC walls. In additibe, donnected SC walls are detailed to undergostiela
deformations and have adequate ductility. In otdetesign the joint regions of SC walls propertyisi
important to estimate the strength of the joinisegnd confirm that the corresponding expecteshgth
of the connected SC walls is smaller than thahefjbint regions.

Research on the behavior and design of SC wallaibjaints is somewhat limited. In this study,
the fundamental behavior and design of SC wall#dl-joints was investigated experimentally and
analytically. The objectives of this study were(ijoevaluate the joint shear behavior of SC wallatll
joints analytically and experimentally and (ii) dom that the joint shear strength equation givei\ClI
349-06 Section 21.5.3 is applicable to SC wall-tdhjoints.

SC walls consist of thick concrete walls with stideplates (typically 0.375 - 1.0 in. thick) on
the exterior surfaces acting as reinforcement. §tkel faceplates are made from A36 or A572 Gr. 50
steel and anchored to the concrete infill (typic&ll = 4000 - 6000 psi) using steel headed shear studs.
Steel headed shear studs are placed close enougtevent local buckling of steel faceplates. The
exterior steel faceplates are connected to eaddr tiinough the concrete using tie bars in the fofm
structural elements such as angles, channels, ttes.

One of the most common joint configurations of S@llso-wall joints in containment internal
structures of the third generation nuclear powantsl is the T joint illustrated in Figure 1. Thénjo
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regions are divided from connected SC walls widektiaphragm plates, and detailed with steel lebade
shear studs and tie bars such as angles, chaandlsteel plates.

“".’ SC

J ......... " wall

SC wall

sC
wall
Figure 1 Typical T joint configuration in CIS  Figu2 — Recommended failure mode for T-joints

JOINT SHEAR STRENGTH AND ACI 349-06

Full-strength connection design is recommendedstah wall-to-wall T-joints, where energy
dissipation occurs through inelasticity and formatof plastic hinges in the SC walls as shown guFé
2, and the joint region has adequate shear streagtsist the demands placed on it by the pl&sgtiges
in the connected SC walls and the yielded steétplaf the SC walls. However, currently therernsitied
information on the joint shear behavior and strengt SC wall T-joints. In the absence of better
information, the joint shear strength of reinforaamhcrete (RC) beam-to-column joints was considered
for the SC wall T-joints.

The strength of reinforced concrete beam-colummtgdis estimated using Equation (1), which is
given in ACI 349-06 Section 21.5.3. The valuey @fi the equation is given in Section 21.5.3 of A2Db-
06. It is adopted from ACI 352R-02, which recomnenrdvalues for RC beam-column joints with
various configurations. Thevalue of 12 for RC beam-column joints (Case A &gde B in ACI 352R-
02) with one column framing into the joint was stéel for SC wall-to-wall T joints. The effectiveoss-
sectional area within a joindy is calculated using the effective joint widthslatepths. For the SC wall-
to-wall joints, the joint areaX) is calculated as the total cross sectional aféheoconcrete infill within
the joint region subjected to horizontal or veltislaear.

V, =y fC'Aj (1)
OBJECTIVE AND EXPERIMENTAL APPROACH

The objective of this research is to evaluate fi@ieability and conservatism of the ACI 349-06
Section 21.5.3 RC beam-column joint shear streagthation withy value equal to 12 for estimating the
joint shear strength of SC wall T-joints. This papeesents the results of preliminary experimeata
analytical investigations on this topic. Additiomakearch is ongoing, and comprehensive resultdwiil
presented in a future forum and publication.

The preliminary experimental and analytical invgation was conducted on a large-scale SC
wall T-joint. The specimen was designed to undgojat shear failure instead of plasticity in the SC
walls, which was achieved by thickening the stégtigs to increase the flexural capacity of the eated
SC walls. Table 1 shows geometry and material ptgseof SC wall-to-wall joints considered in this
study. As shown in the table, Gr 50 steel was tieedoth steel faceplates and steel tie bars af0 £48i
normal weight concrete was used. The length ottmected SC walls were determined based on study
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for the correlation between bending moment andrsioeee and the corresponding joint shear forcee Th
length was determined such that the joint shearréagoverns.

Table 1: Geometry and material properties of SG-tealvall T joints

Geometry Material Property
Concrete Faceplate Tie bar: Stud:
Infill, psi | Fy, ksi | Fy, ksi | Fy, ksi | Fy, ksi | Fy, Ksi
Experiment 60 60 30 0.7% 6,473 58(6 83.9 60.49.16/ 74.0

Study

hyin. | I, in. | T,in.| t,in.

Figure 3 shows the test setup for conducting thewa T-joint test. As shown, the setup is
similar to that for an exterior beam-to-column jdiest. The lateral loading (H) is applied at tbp, tand
the specimen has pin and roller boundary conditairte bottom and to the right. The figure alsoveh
how the lateral load (H) is transferred to the supplong with the bending moments and shear farces
the members.

High shear forces are generated in the joint regoillustrated in Figure 4. These are identified
as the joint shear force in the continuous walkdtion ;) and joint shear force in the discontinuous
wall direction ¥/jq). These two joint shear force ternVg (@ndVjs) are the resultants of: (i) the shear forces
(H andR)) acting on the joint surfaces, and (ii) the decosgal tension and compression forces from the
bending moments acting on each side. In the figuiethe overall depth of SC walls ajid the distance
between the resultant compression force and tenfore due to bending moments. The force
equilibrium equation developed by Varma et al. @0fbr the cracked-transformed flexural section can
be used to calculajehowever, its value is very close to 0.9 for aligtical purposes. The two joint shear
terms ¥ andVjg) are calculated as shown in Equations 2 anW3is always larger tha¥jq and used in
the evaluation of the joint shear strength of S@ teavall joints.
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PRE-TEST ANALYSISRESULTS

The SC wall T-joint specimen was modeled with a gmrtially available 3D finite element
analysis program, ABAQUS, to predict the joint shbahavior and joint shear strength. The concrete
infill, steel tie bars, and steel faceplates weradeted using eight-node solid elements with reduced
integration (C3D8R). The steel headed shear stuei® wnodeled using beam elements (Quadratic
Timoshenko beam elements).

The interfacial shear transfer mechanism betweeorete infill and steel faceplate was modeled
using connector elements. The empirical forceeadjpation derived by Ollgaard et al. (1971), as shiow
Equations 4 and 5, was used to obtain shear shatitg by specifying the diameter of the stud,nuitte
strength of the steel and the concrete compressigagth. The shear stud connector elements aireedef
between coinciding steel and concrete nodes at shahlocations.

Table 2 summarizes the geometric and material ptiepeused for the analysis. As shown,
expected material properties for both stegl{F55 ksi) and concretd’ { = 6500 psi) were used in the
study. The idealized uniaxial stress-straire) curve for steel was used for the analysis. Thamaters
used to define the idealized stress-strain curvisisbof: (i) elastic modulus E, (ii) yield stresg (iii)
yield straing,, (iv) yield plateau length m, (v) strain corresgdimy to onset of strain hardening, (vi)
ultimate stress,, and (vii) strain corresponding to ultimate strgss

Table 2: Assumed geometry and material properfi&Cowall T-joint pre-test analysis

Geometry Material Property
Study hin | 1in | T,in.| 4 in Concrete Faceplate Tie bar: Stud:
T T P Infill, psi | Fy, ksi | Fy, ksi | Fy, ksi | Fy, ksi | Fy, ksl
Analysis 60 60 30 0.7% 6,500 62.5 73,0 62.5 078.65.0

The concrete elastic fracture CEF model in ABAQUSswused to represent the complex
behavior of concrete in tension and shear. The @B&el assumes elastic behavior in compression. In
tension, it uses a brittle fracture model with oteal damaged elasticity concepts to model smeared
cracking. It has anisotropic damage rules, andbeansed with dynamic explicit analyses. The daasti
modulus, Poisson’s ratio, and uniaxial tensionsst@ack opening displacement behavior need to be
specified to adequately define the concrete modehe uniaxial tension strength and the post-peak
behavior are defined using the equations for piaincrete provided in CEB-FIP-2010.

Q = Qu (l_ e—lSA)Z/S (4)
Qu = min(AstudFu,stud’ 0'5Astud\/ f ‘c Ec) (5)

The finite element analysis results showed a limegponse after initial cracking almost up to the
peak load. Concrete finite elements underwent fagmit deformation and high compressive stress were
observed until yielding of tie bars in the discanttus SC wall. The joint shear-displacement cutvubea
loading point predicted by the finite element asiyis shown in Figure 5. As seen in the figure, th
specimen joint shear reached about 429 kips whieout 4 % greater than the joint shear strert8 (
kips) calculated using the ACI 349-06 equation. @halytically predicted joint shear (panel she&ges
deformation curve is shown in Figure 6. The sti$gradually decreased as the load level incresasgd
concrete finite elements cracked. Failure was dchtaraed by yielding of the tie bar located in the
concrete infill of the joint region followed by cqression strut failure of the concrete.

Figure 7 (a) shows maximum principal strain contplats of the concrete at the ultimate joint
shear force. Maximum principal strains greater tBa003 are shown in gray. Extensive cracking is
observed in the joint region. Figure 7 (b) shows thinimum principal stress contour plots of the
concrete. Minimum principal stresses less than G6p§l are shown in black. Figure 7 (c) shows the
equivalent plastic strain (PEEQ) contour in theelfaceplates. Any color other than blue indicates
yielding. Yielding of the tie bar finite elementagvobserved.
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Figure 7 — Maximum principal strain distributiondoncrete, (b) — Minimum principal stress distribat
in concrete, and (c) — PEEQ distribution in steekplates and tie bars at ultimate joint sheaeforc

EXPERIMENTAL RESULTS

The SC wall T-joint test was conducted using the tetup shown in Figure 8. As shown in
Figure 8(a) and (b), the test specimen was sulijetctdateral load (H) with pin and roller boundary
conditions. The east end was supported by a rigidwith physical pins at each end that permit iota
as well as sliding (translation) in the east-wesedation, but prevent displacement in the southtnor
direction. The distance between the east end amdotht surface is referred asThe south end was
supported using a steel rod that prevents transldti the north-south and east-west directions, but
permits rotation to occur. The distance betweensthgh end and the joint surface is referreth.ahe
lateral load (H) was applied to the north end ef$pecimen.

e R R,-ZH(+T/2)/(4T/2)

i G o £
Figure8 — Jointshear test schemasketcl: (a)isometric view and (b) plan vie

The test consisted of four load cycles as statémhbe/,*®is the expected shear force at the joint
shear failure.
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i.  Load specimen to 30 kips — unload — -30 kips (2I€3) (0.25\¥")
ii. Load specimen to 60 kips — unload — -60 kips (2I€3) (0. 50\
ii. Load specimen to 90 kips — unload —-90 kips (2I€3) (0.75\)
iv.  Load specimen to 130 kips — unload- -130 kips y@l&3) (1.05%

Figure 9 shows the layout of the displacement genfwr the test specimen. Displacement
transducers were attached to the test specimeeasure displacement in both North-South directiwh a
East-West direction. Figure 10 shows the joint sheaisus displacement relation from the specimen
(SP1). The figure indicates a nearly elastic resparp to 300 kips (75% of the expected load lev#ia
joint shear failure mode). The stiffness of thecamen started to degrade during the last cycle,veasl
unloaded after its joint shear strength had beached. As shown in Figure 10, the joint shear gtieof
the specimen exceeded both: (i) the joint sheangth calculated using ACI 349-06 equation, andtg
joint shear strength predicted by the pre-testyaiml Additionally, Figure 10 shows good comparison
between the joint shear behavior predicted analjyi@and measured experimentally.

Figure 11(a) shows a photo of crack formation i jthint region at the failure taken during the
experiment. The analytically predicted crack fororatin the joint at the ultimate joint shear forise
shown in Figure 11(b) for the comparison. As shatha,experimental crack formation in the joint oayi
matches favorably with the predicted crack fornmatio
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Figure 11 —Crack occurrence in the joint regiojomt failure: (a) experiment and (b) FE analysis
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CONCLUSIONS

Full-strength connection design is recommended S6r wall-to-wall T-joints, where energy
dissipation occurs through inelasticity and formatof plastic hinges in the SC walls, and the jogfion
has adequate shear strength to resist the dem&wisin it by the plastic hinges in the conne&€d
walls. However, limited information is availabledsses the shear strength of SC wall T-joints. dfbee,
in the absence of better information, the jointashstrength of reinforced concrete (RC) beam-textol
joints was considered for the SC wall T-joints.

Preliminary experimental and analytical investigat were conducted to evaluate: (i) the joint
shear behavior and strength of SC wall-to-wall ifitgy and (ii) the applicability and conservatisfrtte
ACI 349-06 Section 21.5.3 RC beam-column joint sheteength equation witkg value equal to 12 for
estimating the joint shear strength of SC wall i

This paper presented the results of the prelimiimargstigations on this topic including a large-
scale test of an SC wall T-joint designed to faifjaint shear. The joint shear strength of the spea
exceeded both: (i) the joint shear strength caledlasing ACI 349-06 equation, and (ii) the joihtar
strength predicted by the pre-test analysis. Adddily, the joint shear behavior predicted anaijtic
compared favorably with the experimental resultddifional research is ongoing and comprehensive
results will be presented in a future forum andlicakion.
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