[image: image1]Fragility Assessment of Beam-Slab Connections for Informing Earthquake-Induced Repairs in Composite-Steel Moment Resisting Frames

		ORIGINAL RESEARCH
published: 25 May 2021
doi: 10.3389/fbuil.2021.691553


[image: image2]
Fragility Assessment of Beam-Slab Connections for Informing Earthquake-Induced Repairs in Composite-Steel Moment Resisting Frames
Hammad El Jisr and Dimitrios G. Lignos*
Resilient Steel Structures Laboratory (RESSLab), School of Architecture, Civil and Environmental Engineering (ENAC), École Polytechnique Fédérale de Lausanne, Lausanne, Switzerland
Edited by:
José Miguel Castro, University of Porto, Portugal
Reviewed by:
Gaetano Della Corte, University of Naples Federico II, Italy
Georgios S. Papavasileiou, University of Wolverhampton, United Kingdom
* Correspondence: Dimitrios G. Lignos, dimitrios.lignos@epfl.ch
Specialty section: This article was submitted to Earthquake Engineering, a section of the journal Frontiers in Built Environment
Received: 06 April 2021
Accepted: 11 May 2021
Published: 25 May 2021
Citation: El Jisr H and Lignos DG (2021) Fragility Assessment of Beam-Slab Connections for Informing Earthquake-Induced Repairs in Composite-Steel Moment Resisting Frames. Front. Built Environ. 7:691553. doi: 10.3389/fbuil.2021.691553

Earthquake loss estimation in composite-steel moment resisting frames (MRFs) necessitates a proper estimation of the level of damage in steel beam-to-slab connections. These usually feature welded headed shear studs to ensure the composite action between the concrete slab and the steel beam. In partially composite steel beams, earthquake-induced damage in the shear studs and the surrounding concrete occurs due to shear stud slip demands. Within such a context, this paper proposes shear slip-based fragility functions to estimate the probability of being or exceeding four damage states in steel beam-slab connections. These damage states include cracking and crushing of the concrete slab in the vicinity of the shear studs, as well as damage in the shear studs themselves. The developed fragility functions are obtained from a gathered dataset of 42 cyclic push-out tests. They incorporate uncertainty associated with specimen-to-specimen variability, along with epistemic uncertainty arising from the finite number of available experimental results. An application of the proposed fragility functions is conducted on a six-story building with composite-steel MRFs. It is shown that steel beam-slab connections along the building height only exhibit light cracking (i.e., crack sizes of 0.3 mm or less) at design basis seismic events. At seismic intensities associated with a low probability of occurrence seismic event (i.e., return period of 2475 years) the nonlinear building simulations suggest that the 25% reduction of the shear stud resistance in steel beam-slab connections with beam depths of 500 mm or less is not imperative to maintain the integrity of the shear stud connectors.
Keywords: beam-slab connections, shear studs, fragility functions, composite action, earthquake damage assessment, performance-based seismic assessment, composite-steel MRFs
INTRODUCTION
In composite-steel moment-resisting frames (MRFs) seismic loads are transmitted to the MRF through bearing on the column flanges, friction and the shear stud connectors between steel beams and the concrete slab. Past experimental studies (E.g., Civjan et al., 2001; Ricles et al., 2004; Cheng and Chen, 2005) have demonstrated that structural damage in the steel beam-slab connection could lead to extensive cracking and crushing of concrete and even complete loss of composite action. Severe concrete spalling may also occur (Cordova and Deierlein, 2005). Accordingly, in full and partial-composite steel MRFs it is essential to ensure that the integrity of the shear stud connectors is maintained during an earthquake. Current seismic provisions (CEN, 2004b; AISC, 2016a) impose a 25% reduction in the shear capacity of stud connectors in order to diminish the consequences associated with uncertainty in shear stud hysteretic behavior during earthquake shaking. While this reduction aims at preventing loss of composite action, there is no quantitative information regarding the extent of potential earthquake-induced damage in the steel beam-slab connection to inform post-earthquake repair actions.
Advancements in performance-based seismic design within the framework established in the Pacific Earthquake Engineering Research Center (Cornell and Krawinkler, 2000; FEMA, 2012) necessitates the use of fragility functions to express damage in a probabilistic manner (Porter et al., 2007). For this purpose, several researchers have developed fragility functions for non-structural elements (Taghavi and Miranda, 2003; Ruiz-García and Negrete, 2009; Retamales et al., 2013) as well as steel and reinforced concrete members and their connections (Gardoni et al., 2002; Aslani and Miranda, 2005; Lignos et al., 2010; Gulec et al., 2011; Roeder et al., 2012; Lignos and Karamanci, 2013; Elkady et al., 2018). Similar efforts have been conducted for masonry infill walls (E.g., Cardone and Perrone, 2015). As yet, no means for the estimation of damage in steel beam-slab connections exists. However, this would entail the consideration of local engineering demand parameter (EDP) indicators to relate with various damage states of the steel beam-slab connection. Recent advancements in building-specific loss estimation (Elkady et al., 2020) suggests that local EDPs may be key for reliable post-earthquake decisions regarding repairs of a building. However, the significant majority of available fragility functions in the literature (E.g., FEMA, 2012) are usually expressed as a function of a story-based EDP, such as the story drift ratio (SDR).
The objective of this paper is to develop fragility functions that permit the estimation of the level of damage in steel beam-slab connections in composite floor systems as a function of the imposed local slip demands on the headed shear stud connectors. This is achieved by assembling an experimental dataset of 42 cyclic push-out tests. Four sets of fragility functions for four different damage states seen in steel beam-slab connections are developed. The first set consists of all the assembled cyclic push-out tests, whereas the remaining ones account for the stress state (i.e. tension or compression) in the slab (Suzuki and Kimura, 2019) as well as the slab type. Finally, the use of the proposed fragility functions to facilitate performance-based seismic design of buildings is demonstrated through an application to a six-story prototype building with composite-steel MRFs.
DEFINITION OF DAMAGE STATES
Beam-slab connections in composite-steel MRFs constitute welded headed shear stud connectors as well as the surrounding concrete in which the studs are embedded. Since damage at specific shear stud slip demands occurs in both components of the steel beam-slab connection, thereafter, these are not separated in seismic assessment of steel beam-slab connections. Four discrete damage states (DS) of steel beam-slab connections are defined. Figure 1A depicts a schematic representation of a composite-steel beam-to-column connection along with the geometric characteristics of the shear stud and the concrete slab. The definition of damage states is based on a typical hysteretic response of steel beam-slab connections as shown in Figure 1B in terms of shear force, [image: image] vs. slip, [image: image]. Figures 1C–F depict schematically the observed state of a steel beam-slab connection at each DS. While in a typical cyclic push-out test, damage occurs at both sides of the headed stud connectors, for illustration purposes damage states are only shown for one loading direction.
[image: Figure 1]FIGURE 1 | (A) Typical beam-slab connection in a composite steel MRF (B) definition of damage states from a cyclic push-out test; schematic view of the four damage states considered for steel beam-slab connections (C) DS1 (D) DS2 (E) DS3; and (F) DS4.
DS1 Light Cracking
Light cracking corresponds to crack widths less than 0.3 mm (An and Cederwall, 1996; Aslani and Miranda, 2005) that initiate in highly stressed areas near the shear stud head and may propagate to the surface of the slab. Steel beam-slab connections with higher concrete strength can sustain larger slip values before light cracking becomes visible. These cracks do not affect the structural integrity of concrete and typically require either no or cosmetic repairs as shown in Figure 1C. Hence, the shear capacity of the steel beam-slab connection is maintained.
A decrease in the initial stiffness of the steel beam-slab connection occurs at DS1. Nevertheless, the change in initial stiffness cannot be accurately determined. Saari et al. (1999) found that appreciable deviation from the initial stiffness occurs at 50% of the ultimate shear strength of the studs. Accordingly, DS1 is deduced from the cyclic envelope at 50% of the ultimate shear strength of the steel beam-slab connection as shown in Figure 1B.
DS2 Extended Cracking/Stud Yielding and Concrete Crushing Near the Base of the Shear Studs
This damage state involves visible cracks with widths between 0.3 and 2 mm (Aslani and Miranda, 2005) as well as stud yielding and crushing of concrete at the base of the shear studs. Both flexural (Bursi and Gramola, 1999; Suzuki and Kimura, 2019) and shear yielding of the studs (Zandonini and Bursi, 2000) have been reported in past push-out tests. Civjan and Singh (2003) employed finite element analysis and found that the main contributors to the Von Mises stresses at the base of shear studs are normal stresses due to bending followed by shear stresses. Past monotonic push-out tests have shown that extended cracking is observed in the slab once the peak shear, [image: image], is reached (E.g., Ollgaard et al., 1971; An and Cederwall, 1996). Herein, it is assumed that this behavior applies to cyclic push-out tests as well. Within such a context, DS2 corresponds to the slip demand at the peak shear capacity of the studs (see Figure 1B). Figures 1D, 2A illustrate the slab state at DS2. The latter shows the crack pattern, obtained using digital image correlation (DIC), from a recently conducted cyclic push-out test (El Jisr et al., 2021). The measured crack widths were found to be greater than 0.3 mm.
[image: Figure 2]FIGURE 2 | Observed damage in cyclic push-out tests (A) DS2: Extended cracking in the slab measured using digital image correlation (DIC) (El Jisr et al., 2021) (B) DS3: Extensive cracking in the slab (image from Zandonini and Bursi, 2000) (C) DS4: Loss of shear load carrying capacity/fracture of weld collar (El Jisr et al., 2021) (D) DS4: Loss of shear load carrying capacity/shearing of headed studs (El Jisr et al., 2021).
The extent of steel beam-slab connection damage is influenced by the material properties of the shear stud connectors and the surrounding concrete. Depending on the concrete compressive strength and the ultimate tensile strength of the shear studs, their ultimate shear capacity may be governed by either i) stud yielding; and/or ii) concrete crushing at the stud base (Lam and El-Lobody, 2005). The current design provisions (CEN, 2004a; AISC, 2016b) acknowledge this difference in the equations used to calculate the ultimate shear strength of a steel beam-slab connection. Generally speaking, for concrete compressive strength values of 20–40 MPa, stud yielding is dominant but a high compressive stress concentration at the base of the shear studs may result in some concrete crushing (Zandonini and Bursi, 2000). Additionally, about 90% of the collected cyclic push-out tests were governed by stud yielding as per EN 1994-1-1 (CEN, 2004a).
DS3 Low-Cycle Fatigue Microcracking in the Shear Studs/Extensive Cracking
This damage state corresponds to microcracking in the shear studs due to ultra-low-cycle fatigue (Zandonini and Bursi, 2000; Civjan and Singh, 2003). Unlike monotonic push-out tests in which the reduction in the shear strength of the steel beam-slab connection is mainly attributed to concrete crushing, ultra-low-cycle fatigue cracking in cyclic push-out tests results in rapid cyclic degradation of the connection’s shear strength and stiffness. The quality of shear stud welds on the steel beam’s top flange strongly influences DS3. Weld defects and/or out-of-straightness in the shear studs may result in early crack initiation at the tension side of the shear studs (Civjan and Singh, 2003) as shown in Figure 1E. This is usually accompanied by extensive slab cracking as shown in Figure 2B.
Referring to Figure 1B, the slip at DS3 is derived from the first cycle envelope at 10% drop in peak shear capacity of the shear studs. This corresponds to the permissible characteristic slip capacity as per EN 1994-1-1 (CEN, 2004a).
DS4 Loss of Shear Load Carrying Capacity
The last damage state is associated with the loss of shear load carrying capacity of the steel beam-slab connection. According to Cordova and Deierlein (2005), loss of force transfer in the steel beam-slab connection is detrimental and could lead to other types of failure as the slab attempts to drag the inertia forces into the MRF. Damage state DS4 is characterized by shank failure and/or fracture at the weld-collar/shank interface (Zandonini and Bursi, 2000) as schematically depicted in Figure 1F. Moreover, Figures 2C,D show typical examples of fracture at the weld-collar/shank interface in the steel beam-slab connection. Concrete cracking and crushing around the base of the shear studs are also prevalent (Zandonini and Bursi, 2000; Civjan et al., 2001; Civjan and Singh, 2003).
Zandonini and Bursi (2000) reported shear failures of the studs when their shear resistance reached 20% of their peak shear strength; hence, DS4 is deduced from the cyclic envelope curve at this shear strength level as shown in Figure 1B.
DESCRIPTION OF DATASET OF CYCLIC PUSH-OUT EXPERIMENTS
Data from past cyclic push-out tests are used to establish different sets of slip demands at which DS1 to DS4 occur. For this purpose, a dataset consisting of 42 symmetric cyclic push-out tests from 11 prior test programs (Hawkins and Mitchell, 1984; Aribert and Lachal, 2000; Zandonini and Bursi, 2000; Civjan and Singh, 2003; Nakajima et al., 2003; Saari et al., 2004; Ciutina and Stratan, 2008; Fan and Liu, 2014; Zhai et al., 2018; Sun et al., 2019; Suzuki and Kimura, 2019) is assembled. Tests in which brittle failures of the shear studs occurred (E.g., rib shear or concrete pull-out failure) are not included as these are not deemed to be representative in capacity-designed composite steel MRFs. Unlike conventional push-out tests, thirteen specimens (Suzuki and Kimura, 2019) accounted for the stress state (tensile or compressive) depending on the direction of the loading excursion. This was achieved with a customized test setup that featured two steel beams sandwiched between the slabs. The slip demand was applied by either pulling the two beams away from each other or by pushing them towards each other. This setup has the advantage of alternating the stress state in the slab between tension and compression depending on the loading direction. Accordingly, test specimens from Suzuki and Kimura (2019) provide a more realistic representation of the shear stud behavior in composite steel beams.
The assembled dataset features test specimens with various geometric and material properties. In brief, the dataset covers shear stud diameters between 13 and 22 mm, floor slab thicknesses between 102 and 300 mm, as well three different floor slab configurations. Particularly, i) 29 tests with a solid slab (SS) with no steel deck; ii) 12 tests with a slab with steel deck featuring ribs parallel (||) to the loading direction; and iii) one test with a slab with steel deck ribs perpendicular (⊥) to the loading direction. While the nominal ultimate tensile strength of shear studs was 450 MPa in all cases, their reported ultimate tensile strength ranges between 414 and 535 MPa. The reported concrete compressive strength ranges between 21 and 53 MPa. These correspond to a characteristic normal strength (C25/30 to C40/50) concrete. Specimen-to-specimen variability also includes the type of shear stud welds (stud gun welding vs. shield metal arc welding) as well the degree of imperfections in the welds. Figure 3 demonstrates the corresponding slip demand, on the steel beam-slab connections per damage state. The results indicate that the specimen-to-specimen variability necessitates the development of fragility functions that can estimate the probability of reaching or exceeding DS1 to DS4 in steel beam-slab connections. Note that the associated variability in slip demands increases considerably for DS2 to DS4 compared to DS1. The slip demands at each of the four damage states are summarized in Table 1. Slip demand values that are available but not reported in the respective experimental program are labeled as “NR”, whereas those not available due to early termination of the tests are labeled as not applicable, “NA”.
[image: Figure 3]FIGURE 3 | Distribution of slip demands, [image: image], corresponding to the four damage states.
TABLE 1 | Dataset of cyclic push-out tests.
[image: Table 1]SLIP-BASED FRAGILITY FUNCTIONS
In order to estimate the likelihood of damage in steel beam-slab connections, slip-based fragility functions are developed based on the assembled dataset of Table 1. These provide the probability of reaching or exceeding a damage state as a function of the peak slip demands on headed shear stud connectors.
The employed methodology to derive the fragility functions has already been successfully implemented in prior related work (Aslani and Miranda, 2005; Ruiz-García and Negrete, 2009; Lignos et al., 2010; Gulec et al., 2011; Ramirez et al., 2012; Elkady et al., 2018). In brief, the slip values at each damage state are sorted in ascending order. The empirical cumulative probability is then calculated as [image: image], in which [image: image] is the total number of data points for each damage state (see Table 2), and [image: image] is the position of the slip value within the sorted data. If needed, outlier data points are excluded as per Chauvenet’s criterion (Taylor, 1997). For a given damage state, the calculated [image: image] is plotted at its corresponding slip value in order to obtain the empirically derived cumulative distribution function (CDF). Four different CDFs (lognormal, gamma, Weibull, and Gumbel) are fitted to the empirically derived CDFs using the maximum likelihood approach (Venables and Ripley, 2013). The Kolmogorov-Smirnov (K-S) goodness-of-fit test (Benjamin and Cornell, 1970) is conducted at a 5% significance level in order to assess which of the four CDFs provides the best fit to the empirical CDF. A goodness-of-fit is assumed if the K-S test fails to reject the null hypothesis at 5% significance level; that is, the K-S statistic defined as the largest absolute difference between the theoretical and empirical CDF is less than the critical value at 5% significance level, [image: image]. The K-S test is shown in Figure 4 for DS1. The hypothesis that the lognormal CDF fits the empirically derived CDF holds true if all data points lie between the upper and lower bounds represented by the dashed lines. It is found that both the lognormal (see Figure 4A) and the gamma (see Figure 4B) CDFs provide a relatively good fit for the empirical CDF because they yielded the highest p-value of K-S test.
TABLE 2 | Statistical parameters of the lognormal distributions for each damage state.
[image: Table 2][image: Figure 4]FIGURE 4 | Comparison of four theoretical CDFs fitted to the empirically derived CDF for damage state DS1 (A) lognormal (B) gamma (C) Weibull and (D) Gumbel.
The lognormal distribution is selected hereinafter due to its ease of implementation and for consistency with available fragility functions defined in FEMA P-58-1 (FEMA, 2012) as well as other related studies. The lognormal CDF is defined as follows:
[image: image]
in which [image: image] is the conditional probability of reaching or exceeding damage state [image: image] in the steel beam-slab connection at a specified slip value [image: image]; [image: image] is the counted median of slip values at damage state [image: image]; [image: image] is the standard deviation of the natural logarithm of the slip values at damage state [image: image]; and [image: image] is the cumulative standard normal distribution. Figure 5 shows that the lognormal CDF fits the empirically derived CDF fairly well for all four damage states.
[image: Figure 5]FIGURE 5 | Slip-based fragility functions corresponding to the four damage states in steel beam-slab connections. (A) DS1 (B) DS2 (C) DS3 and (D) DS4.
INFLUENCE OF EPISTEMIC UNCERTAINTY
The developed fragility functions incorporate the specimen-to-specimen uncertainty as discussed earlier. Nevertheless, the epistemic uncertainty arising from the finiteness of the dataset is not accounted for. This finite sample uncertainty can be considered by estimating confidence intervals (CI) of the peak slip demands for each damage state (Crow et al., 1960; Benjamin and Cornell, 1970). The confidence intervals of the median and logarithmic standard deviation of a lognormal CDF is computed using Eqs. 2, 3 respectively (Crow et al., 1960):
[image: image]
[image: image]
in which, [image: image] is the value of the standard normal deviation such that the probability of a random deviation numerically greater than [image: image] is [image: image] ; [image: image] and [image: image] are the inverse of the distribution with [image: image] degrees of freedom and a probability of occurrence [image: image] and [image: image], respectively. Table 2 summarizes the 10 and 90% confidence intervals of the median, [image: image], and the logarithmic standard deviation, [image: image], for each damage state. The effects of the epistemic uncertainty are depicted through the uncertainty envelopes in Figure 6. This provides the upper- and lower-bound probability of reaching or exceeding each damage state from local slip demands. For instance, according to EN 1994-1-1 (CEN, 2004a), the characteristic slip capacity, [image: image], shall be greater than or equal to 6 mm at DS3. Figure 6C shows that the probability of reaching or exceeding DS3 at a slip demand of 6 mm varies between 80 and 95%; that is, the probability that the shear stud connectors in the steel beam-slab connection are ductile (CEN, 2004a) is low (5–20%). While it is true that shear studs subjected to cyclic loading may have a lower characteristic slip capacity than that recommended by EN 1994-1-1, continuum finite element analyses (El Jisr et al., 2020) and system-level nonlinear response history analysis conducted hereinafter on composite-steel MRFs with shallow beams (depth of 500 mm or less), have shown that the shear stud demands are considerably lower than [image: image]. In fact, at design basis earthquake events, the probability of DS2 at slip demands of 0.5 mm (see Performance-based Assessment of a Composite Steel MRF) varies between 1 and 10%. Even if the slip demands were to be twice as high (i.e., 1 mm), the upper bound probability of DS2 remains below 30% and repairs due to extended cracking in the slab are highly unlikely.
[image: Figure 6]FIGURE 6 | Envelope of epistemic uncertainties on fragility functions of steel beam-slab connections derived from the full dataset. (A) DS1 (B) DS2 (C) DS3 and (D) DS4.
EFFECT OF THE STRESS STATE IN THE SLAB
The effect of the slab stress state on the steel beam-slab connection behavior has been investigated in a recent experimental program conducted by Suzuki and Kimura (2019). In composite steel MRFs, the slab is subjected to compressive stresses under sagging bending and tensile stresses under hogging bending depending on the direction of lateral loading. These tests better emulate the steel beam-slab connection in composite steel MRFs since the stress state in the floor slab is taken into consideration. Table 1 suggests that the dataset of Suzuki and Kimura (2019) achieves appreciably higher slip demands than those from conventional push-out tests prior to reaching DS2 to DS4.
Albeit the limited available data at this point, a separate subset consisting of 13 cyclic push-out tests from Suzuki and Kimura (2019) is used to derive four complementary fragility functions at each damage state to comprehend the differences at the achieved slip demands between the two datasets. The statistical parameters of the fitted lognormal CDFs, derived with the same methodology discussed earlier, are summarized in Table 2. The reported logarithmic standard deviations from the smaller subset demonstrate a lower variability in slip demands compared to those from the full dataset, regardless of the DS under consideration. Figure 7A suggests that the effect of the slab stress state on the slip demands at DS1 (light cracking) is minimal. Conversely, DS2 to DS4 are significantly influenced by the stress state in the slab as shown in Figures 7B–D, respectively.
[image: Figure 7]FIGURE 7 | Comparison between fragility functions of steel beam-slab connections derived from the full dataset and those derived from Suzuki and Kimura (2019) subset. (A) DS1 (B) DS2 (C) DS3 and (D) DS4.
A possible explanation of the observed discrepancy is the fact that the shear studs in conventional push-out tests are subjected to fairly similar demands in both loading directions, while those in Suzuki and Kimura (2019) are asymmetric. The cyclic push-out tests showed that normal strains due to bending at the base of the shear studs are more than 10 times lower when the slab is in tension than when it is in compression. On the other hand, in conventional cyclic push-out tests, the strain demands at the base of the shear studs are nearly the same in both loading directions, thereby leading to crack initiation due to low-cycle fatigue. This often causes fracture as depicted in Figure 7D. Particularly, the probability of being or exceeding DS4 (i.e., loss of shear load carrying capacity) at 6 mm slip is more than 65% based on the full dataset, whereas when the effect of stress state in the slab is considered, the probability of being or exceeding DS4 is less than 20%. In prior work (El Jisr et al., 2020), the influence of loading history on the shear stud demands has been stressed. While physical data is not available to examine this issue, the fragility functions presented herein are considered to be a conservative estimate of the observed damage seen in beam-slab connections of composite steel MRFs under earthquake loading.
EFFECT OF SLAB TYPE
In composite construction practice, a steel deck is typically present as part of the composite floor system. Nevertheless, a large portion (about 70%) of the cyclic push-out tests available in the literature consist of a solid slab with no steel deck. Referring to Table 2, the dispersion measured by the logarithmic standard deviation, [image: image], is fairly high in the full dataset for DS1 to DS3. This dispersion is due to specimen-to-specimen variability, which comprises differences in geometry, material properties as well as the loading protocol. In order to examine how the aleatoric uncertainty is influenced by the presence of a steel deck, the full dataset is divided into two additional subsets with: i) solid slab test specimens (29) and ii) test specimens that consist of a steel deck with ribs parallel to the beam (12). Subsequently, fragility functions at DS1 to DS4 are derived for each subset. Referring to Figure 8, it is evident that specimens with a solid slab have a higher slip capacity at DS2 and DS3 damage states. At DS1, the difference between the two types of fragility functions is negligible because damage is mostly associated with fairly light slab cracking. Moreover, at DS4, loss of shear load carrying capacity due to fracture of the shear stud is not practically influenced by the slab type.
[image: Figure 8]FIGURE 8 | Comparison between fragility functions of steel beam-slab connections derived for solid slabs and those derived for slabs consisting of a steel deck with ribs parallel to the steel beam. (A) DS1 (B) DS2 (C) DS3 and (D) DS4.
Table 2 shows that [image: image] in the solid slab subset is lower at DS2 (21%) and DS3 (8%) than that in the full dataset. In contrast, for the subset with the steel deck, [image: image] is 26% higher at DS2 and 9% higher at DS3. The reason for the higher dispersion in the subset with the steel deck is the fact that damage in these specimens is also dependent on the deck geometry (i.e., rib height and width). Additionally, the number of data points is relatively small (12) and most of the data points are obtained from Zandonini and Bursi (2000) in which the stud dimensions, concrete compressive strength, and loading protocol were varied. In solid slabs, the studs are fully confined with the surrounding concrete, whereas in slabs consisting of a steel deck, the level of confinement is dependent on the rib dimensions. Since the slip values at DS2 and DS3 are influenced by concrete crushing, the effect of concrete compressive strength on [image: image] is more evident in slabs with a steel deck where less confinement is present. In the assembled dataset, the slip at DS2 and DS3, in test specimens with a steel deck present, exhibits an increasing trend with respect to the concrete compressive strength (see Table 1). Nevertheless, this dependency is inconclusive because of the limited data available. In the collected test specimens with a solid slab, the slip demand is not found to be statistically significant with respect to the concrete compressive strength.
PERFORMANCE-BASED ASSESSMENT OF A COMPOSITE STEEL MOMENT RESISTING FRAME
In this section, an application of the proposed fragility functions is demonstrated for a six-story prototype building designed according to current European design provisions (CEN 2004a; CEN, 2004b; CEN, 2005a; CEN, 2005b) for a site in Sion, Switzerland. The aim is to assess the integrity of beam-slab connections in composite-steel MRFs with shallow steel beams (depth of 500 mm or less) and partial degree composite action. The latter can be used in the design of composite-steel MRFs to effectively target a lower number of shear stud connectors, thereby leading to appreciable cost savings in composite construction.
The main seismic design parameters of the prototype building are: i) building importance class II; ii) reference peak ground acceleration, [image: image]; iii) a behavior factor, [image: image]3 [i.e., strength reduction factor, R according to the United States provisions (AISC, 2016a)] and iv) soil Type D. Referring to Figure 9A, the building consists of space composite-steel MRFs in the E-W loading direction. The elevation view of the building is shown in Figure 9B. Headed shear studs ([image: image] 100 mm, [image: image]16 mm) connect the MRF girders to a 125 mm thick floor slab with a 56 mm steel deck. The ribs of the deck are parallel to the girders. An 80% degree of composite action (defined as the ratio of the actual number of shear studs to that required for full composite action) is achieved in the seismic design. This corresponds to the minimum value permitted by EN-1998-1 (CEN, 2004b). However, the 25% reduction in shear stud capacity is intentionally waived. Recent findings (El Jisr et al., 2020) have shown that slip demands in composite-steel beams with depths of less than 500 mm are fairly minimal and they should not affect the integrity of the steel beam-slab connection.
[image: Figure 9]FIGURE 9 | Typical plan (A) and elevation (B) view of the six-story building with composite steel MRFs.
Half of the prototype building is modelled in 2-dimensions (2-D) in the open-source simulation platform OpenSEES (McKenna, 1997). Particularly, two of the composite steel MRFs are modelled in series including a leaning column to properly represent i) the lateral strength and stiffness of the building in the E-W direction; and ii) de-stabilizing effects due to gravity loading (i.e., P-Delta). The composite beam-to-column joints are modeled by using a validated macro-model that features several nonlinear zero length elements as shown in Figure 10A. The macro-model can explicitly simulate slab-column interaction through the two force transfer mechanisms in EN-1998-1 (CEN, 2004b). The first mechanism consists of slab bearing on the column flange (noted as mechanism 1), whereas the second one is a strut-and-tie mechanism (noted mechanism 2). Slip demands on the steel beam-slab connection are captured by lumping the shear studs into a single translational zero length element. A similar approach has been implemented in past studies for partial-strength beam-to-column connections (Rassati et al., 2004; Braconi et al., 2007; Amadio et al., 2008). Flexural strength and stiffness deterioration of composite-steel beams as well as composite beam-to-column web panel zone joints are simulated according to the procedures discussed in Elkady and Lignos (2014), El Jisr et al. (2019). Figure 10B illustrates a comparison between the simulated and experimentally obtained moment-rotation relation of a fully-composite steel beam of 400 mm (Yamada et al., 2009). Moreover, as expected, the shear force, [image: image], vs. slip demand, [image: image], relation in the steel beam-slab connection is elastic as shown in Figure 10C. The modeling approach is deemed to be rational as it represents the hysteretic response of the composite steel beam reasonably well and can also capture slip demands on the steel beam-slab connection.
[image: Figure 10]FIGURE 10 | Modeling approach implemented for the system-level response history analysis of the 6-story composite steel building (A) macro-model (B) model validation with Yamada et al. (2009)(C) shear-slip response of the beam-slab connection.
Nonlinear response history analysis is conducted on the composite steel MRF at two different seismic intensities: the design basis earthquake (DBE) with a return period [image: image]475 years and the maximum considered earthquake (MCE) with a return period [image: image]2475 years. The earthquake records at each seismic intensity are selected to target the conditional mean spectrum (CMS) obtained from the mean magnitude and distance from rupture for each [image: image] (Baker, 2011; Lin et al., 2013; Kohrangi et al., 2017). Figure 11 shows the two sets of 40 ground motions that were obtained by conducting probabilistic seismic hazard analysis for Sion for average spectral acceleration values, [image: image], over a period range of 0.4–4.4 s.
[image: Figure 11]FIGURE 11 | Selected ground motion records for Sion in Switzerland for two different return periods (A) 475 years (B) 2475 years.
The peak slip demands on the steel beam-slab connections are obtained along the height of the building through nonlinear response history analyses and plotted together with the median, 16th and 84th percentiles. Referring to Figure 12, the median peak slip demand values at DBE and MCE are 0.5 and 1.8 mm, respectively. Based on these values, the potential damage in the steel beam-slab connection is captured by using the developed fragility functions.
[image: Figure 12]FIGURE 12 | Peak [image: image] profile for the prototype composite steel MRF at (A) DBE seismic intensity and (B) MCE seismic intensity.
Figure 13Ashows the likelihood of occurrence of each damage state based on the fragility functions that were derived from the full dataset. The largest damage in the steel beam-slab connections occurs at the third floor where the demand on the composite steel beams is the highest. At DBE, the probability of attaining or exceeding DS2 (i.e., extended cracking/shear stud yielding and crushing of concrete) is less than 5%. Hence, most of the damage in the slab is attributed to light cracking, which corresponds to DS1. The probability of reaching DS1 varies between 3% at the roof to 73% at the third floor. Waiving the 25% reduction in the capacity of the shear stud connectors does not practically affect the integrity of steel beam-slab connections at seismic intensities associated with DBE. At seismic events with a low probability of occurrence, i.e., MCE, there is a 50% chance that DS2 is attained. Nevertheless, the probability of low-cycle fatigue microcracking (DS3) and therefore severe degradation in the steel beam-slab connection strength is less than 15%. Furthermore, the probability of complete loss of composite action (DS4) is negligible. Noteworthy stating that the aforementioned values are fairly conservative as they do not account for the stress state in the slab. Within such a context, the simulation results demonstrate that the 25% reduction in the shear resistance of the stud connectors may be potentially waived in seismic designs with beam depths less than 500 mm. Particularly, Figure 13B depicts the probability of being or exceeding in DS1 to DS4 according to the fragility functions that were derived based on the Suzuki and Kimura (2019) subset. Interestingly, the probability of exceeding DS1 at DBE becomes negligible and that of attaining DS2 at MCE drops to nearly 10%. The results convey the importance of the developed fragility functions for performance-based seismic design of frame buildings with composite-steel MRFs.
[image: Figure 13]FIGURE 13 | Probability of attaining each damage state along the height of the composite steel MRF; at DBE and MCE seismic intensities. (A) Full dataset (B)Suzuki and Kimura (2019) subset
SUMMARY AND CONCLUSION
This paper proposes slip-based fragility functions that permit the estimation of damage in steel beam-slab connections as part of composite-steel MRFs. The proposed fragility functions provide the probability of reaching or exceeding four discrete damage states as a function of the local slip demands on the steel beam-slab connections. To this end, an experimental dataset of 42 cyclic push-out tests is assembled. The four damage states include light to extensive cracking and crushing of the concrete slab, shear stud connector yielding, low-cycle fatigue microcracking in the shear studs and ultimately fracture of the steel beam-slab connection.
The fragility functions incorporate uncertainty due to specimen-to-specimen variability as well as epistemic uncertainty associated with the finite number of the collected tests. The latter is accounted for through confidence band intervals. Moreover, the dependency of the steel beam-slab connection damage on the slab stress state (tension or compression) is acknowledged through four complementary fragility functions that are derived from a subset of 13 cyclic tests (Suzuki and Kimura, 2019). These complementary fragility functions are considered more representative to describe, in a probabilistic manner, the damage of steel beam-slab connections in composite-steel MRFs. It is shown that the fragility functions derived from the full dataset provide conservative estimates of the anticipated damage in the steel beam-slab connections. Separate fragility functions are also derived for the two predominant slab types in the dataset: i) solid slab and ii) slab consisting of a steel deck with ribs parallel to the beam. The results suggest that higher damage is experienced at DS2 and DS3 if a steel deck is present. Furthermore, damage states DS2 and DS3 in specimens with a steel deck parallel to the beam are more dependent on the compressive strength of concrete than those with a solid slab.
A six-story prototype building with composite-steel MRFs is used to illustrate the potential benefits of the proposed fragility functions. The building is located in Sion, Switzerland and it is designed according to the current European seismic provisions with 80% degree of composite action. Nevertheless, the code-required 25% reduction in the shear capacity of the stud connectors is intentionally neglected. Nonlinear response history analysis is conducted at two seismic intensities, namely DBE and MCE. It is found that, at DBE, there is at least 50% to 70% chance for the slab to exhibit only minor cracking depending on the employed fragility function type. At seismic intensities associated with a low probability of exceedance, i.e., MCE, the probability of shear studs in steel beam-slab connections to exhibit low-cycle fatigue drops from about 35% to less than 10% when considering the stress state of the steel beam-slab connection in the seismic performance assessment of the building. Interestingly, the loss of the shear capacity of the steel beam-slab connections is negligible, at the same seismic intensity, regardless of the employed fragility function type. In that sense, disregarding the 25% reduction in the shear strength of the stud connectors of the examined composite steel MRF seems rational.
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Reference Specimen 1D d, hy t Deck  f,, [MPa] fe DS1[mm] DS2  DS3  DS4
fom]  [mml fmm] MPa] foml  fmml [mm]

Hawkins and Mitchell (1984) R 19 76 102 ss 514 2 NR 17 27 30
3R 19 114 140 ss 514 2 02 10 27 39

SR 19 114 140 ss 514 3 NR 18 26 37

7R 19 114 140 ] 514 35 NR 03 39 T4

Zandonini and Bursi (2000) NPC-01 16 102 120 I 528 33 03 11 1.4 36
NPC-02 16 102 120 I 528 33 06 1.1 29 69

NPC-04 16 102 120 I 528 33 03 06 10 55

NPC-05 16 102 120 I 528 33 06 09 24 40

RPC-01 22 126 150 I 457 42 04 25 48 7.2

RPC-02 22 126 150 I 457 a2 03 31 NA NA

RPC-03 2 126 150 I 457 a2 02 34 NA NA

RPC-04 22 126 150 I 457 42 03 45 NA 53

RPC-05 2 126 150 I 457 42 06 54 NA NA

Civian and Singh (2003) s20 13 102 156 ss NR 24 NR NR NR 5.1
s4C 13 102 155 ss NR a1 NR NR NR 29

S50 13 102 155 ss NR 2 NR NR NR 7.3

S6C 13 102 155 ss NR 24 NR NR NR a7

$100 13 102 155 ss NR 21 NR NR NR 62

Aribert and Lachal (2000) Group 3 19 NR 120 I NR NR NR 10 1.7 35
Suzuki and Kimura (2019) No. 1 22 130 175 ss 464 20 10 55 NA NA
No. 2 22 130 175 ss 464 29 06 44 65 NA

No. 3 16 130 175 ss 473 29 02 50 60 NA

No. 4 19 130 175 ss 486 20 04 5.1 NA NA

No. 5 22 80 175 ss 461 29 07 34 50 44

No. 6 22 100 175 ss 446 2 08 29 a4 8.1

No. 7 22 130 175 ss 464 29 07 29 45 75

No. 8 2 130 175 ss 464 29 03 45 66 NA

No. 9 22 130 175 ss 464 20 05 17 31 60

No. 10 2 130 175 ss 464 29 04 26 43 NA

No. 11 22 130 175 ss 464 2 04 09 15 7.6

No. 12 22 130 175 ss 464 29 4 26 60 NA

No. 13 2 130 175 ss 464 39 05 a4 58 NA

Nakajima et al. (2003) B (At) 13 100 150 ss NR 20 04 34 NA 55
Ciutina and Stratan (2008) PT-16/-C 16 120 120 ss NR NR 03 14 23 33
PT-22C 22 120 120 ss NR NR 03 13 19 52

Zhai et al. (2018) P-S-13-C 13 NR 300 ss 525 53 04 13 NA 25
P-5-16-C 16 NR 300 ss 485 53 03 18 24 27

P-S19-C 19 NR 300 ss 535 53 06 25 38 54

Fan and Liu (2014) c2 19 100 150 I NR NR NR 11 31 82
Sun et al. (2019) c3 19 100 150 L 497 NR 02 18 38 6.2
cs 19 100 150 ss 497 2 03 18 26 49

Saari et al. (2004) 4 19 127 NA ss 414 32 01 09 24 32

" stud diameter; hs: stud height; t:slab thickness; SS: solid siab (.e. without steel deck; || steel deck with ribs paralelto the beam; . steel deck deck with ribs perpendicular o the beam.
“fus: stud tensile strength; f,: concrete compressive strength.
NA. not available: NR, not reported.
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