2. PROJECT DESCRIPTION

2.1. Overview
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 A consortium comprised of the University of Arizona (UA), the University of California San Diego (UCSD), and Lehigh University (LU), together with the Precast/Prestressed Concrete Institute (PCI) proposes a collaborative research project to develop a comprehensive, accurate, and efficient design methodology for precast concrete floor diaphragms in buildings under seismic loading. To this collaboration, the universities bring knowledge of critical issues for precast floor diaphragms under seismic loads, as well as the required analytical and experimental expertise and facilities. PCI, which represents the precast concrete industry nationwide, brings knowledge of industry practices, standards, and economics, as well as project co-funding. Using closely integrated experimental and analytical simulations, the project will significantly advance knowledge of the seismic behavior of precast floor diaphragms and develop information on the stiffness, strength, and ductility capacity of critical precast diaphragm elements. Integrating these results with industry knowledge, the project will produce an appropriate seismic design methodology.

The consortium’s research will integrate the following: (1) large-scale experiments at LU to determine the flexibility, strength, and ductility of critical diaphragm elements by applying both simple cyclic force patterns and histories, and complex (multi-degree-of-freedom) force patterns and histories; (2) detailed finite element (FE) analyses at UA of complete floor diaphragms (under seismic load) to determine critical force patterns and histories for diaphragm elements that will be applied in the experiments and used in developing diaphragm design requirements; (3) nonlinear time-history dynamic analyses (NTDA)  at UA of prototype buildings to determine diaphragm seismic force levels; (4) quasi-static diaphragm tests and shaking table tests at UCSD of entire structures to verify the FE and NTDA results and provide added input into the large-scale experiments on critical diaphragm elements; and (5) industry knowledge of precast construction methods and economics, design practices, and design code development issues.

This proposal is submitted to the National Science Foundation’s (NSF) Grant Opportunities for Academic Liaison with Industry (GOALI) Program. PCI selected the UA-UCSD-LU consortium, after an open competition, to lead this collaborative project. The precast industry will oversee the planning and execution phases of the research through an active 8 member Diaphragm Seismic Design Methodology (DSDM) Task Group, which will meet with the project team regularly, and a larger Industry Advisory Panel (IAP) which will meet with the project team twice a year.  One member of the DSDM Task Group is a Co-PI on the project.  PCI is supporting the research directly and also supporting industry participation as follows: (1) PCI will provide $200,000 direct research funding; (2) PCI precast producer members will provide $91,000 in test specimens from producer members; (3) PCI will provide $135,000 ($60K logistics; $75K consulting) to support the activities of the DSDM Task Group and IAP. The universities will contribute through a combined cost share a total of $27,500.  Thus the net leverage of the requested NSF funding is $453,500.
2.2 Results from Prior NSF Support in Last Five Years

Robert Fleischman, “CAREER Award: Modular Nodes for Joints in Steel Special Moment-Resisting Frames”, CMS-0196120, 9/28/00 (trnsfr) – 05/31/03, $339,400. Under the ongoing research, the PI has developed four new modular connection concepts for seismic resistant design, including a fully developed panel zone dissipator modular node (PZ-MN) and a modular connector (MC). Full-scale prototypes were tested at full scale under the FEMA-350 protocol, exhibiting remarkable ductility and energy dissipation, easily meeting and greatly exceeding FEMA-350 acceptance criteria. Two Ph.D students are working on the project. Three conference papers and a magazine article have been produced; four journal articles are in preparation. See http://www.u.arizona.edu/~rbfleisc/career/ for info.

Frieder Seible, Joel Conte, Jorge E. Luco, Andre Filiatrault, and Jose Restrepo, “Large High Performance (LHP) Outdoor Shake Table,” CMS-0217293, $5,890,000, 10/02 – 09/04. This proposal is aimed at providing the earthquake engineering community with a Large High Performance (LHP) Outdoor Shake Table within the George E. Brown, Jr. Network for Earthquake Engineering Simulation (NEES) Collaboratory. This LHP Outdoor Shake Table, currently under construction at UCSD will incorporate performance characteristics that will allow the accurate reproduction of near source ground motions for the seismic testing of very large structural and SFSI systems. The NEES/LHP Outdoor Shake Table is a 7.6 m wide by 12.2 m long single axis system, with the capability of upgrading to 6-DOF. The specifications for the first phase of the facility, proposed herein, are: a stroke of ±0.75m, a peak horizontal velocity of 1.8 m/s, a horizontal force capacity of 6.8MN, an overturning capacity of 50 MN-m, and a vertical payload capacity of 20MN. The testing frequency range will be 0-20 Hz. The facility will add a significant new dimension and capabilities to existing United States testing facilities. 

Andre Filiatrault, Jose Restrepo, “Performance Evaluation of Gypsum Wallboard Partitions,” EEC-9701568 (through the Pacific Earthquake Engineering Research Center - PEER), $90,000, 11/02 – 10/03.  The objectives of this project are to develop data and models to characterize the performance of gypsum wallboard partitions, of the type common to modern office, hotel, and laboratory buildings.   The primary variables and parameters to be addressed include wall configuration (aspect ratio, openings, etc), boundary and support conditions, performance damage states, and loading protocol. The investigation will culminate in the development of parametric fragility models relating Engineering Demand Parameters (EDPs), such as interstory drift, to various Damage Measures (DMs), such as cracking pattern, which take into account appropriate sources of uncertainties in the response.  Apart from the direct usefulness of the resulting fragility models for architectural partitions, this investigation will serve as a model (or best practice) of how to apply the PEER-PBEE methodology to evaluate EDP-DM performance evaluations for other non-structural building components.

Jim Ricles, Clay Naito, Sibel Pamukcu, Richard Sause, and Yunfeng Zhang, “Real Time Multi-directional Testing Facility for Seismic Performance of Large-Scale Structural Systems,” CMS-0217393, $2,593,317, 10/02 – 09/04, A new real-time multi-directional (RTMD) testing system is proposed. This system, with an integrated approach of analysis and experimental testing, will increase the ability of the NEES consortium to simulate the real time effects of moderate and strong earthquake ground motions on the structural response of buildings, bridges, and foundation systems. The requested NEES equipment will be incorporated into the existing ATLSS Multidirectional Experimental Laboratory at LU to form the large-scale Real Time Multi-Direction (RTMD) earthquake simulation system. The system will enable multi-directional real-time seismic testing of large-scale structural components, structural subassemblages, and superassemblages (systems), and will support methods for real-time testing, including the real-time pseudo-dynamic test method and effective force test method. 

Richard Sause, Stephen Pessiki, “Influence of Diaphragm Behavior on Performance of Precast Parking Structures During Northridge Earthquake,” CMS9416274, $52,137, 9/94-6/96.  The project was motivated by poor performance of parking structures during the Northridge Earthquake. The primary objective was to investigate the role of the precast floor systems, in particular the deformation of the floor systems under in-plane diaphragm forces, in the performance of these structures. Nonlinear static and dynamic analyses of a prototype parking structure were conducted.  The project found that current design codes and practice produce parking structure floor diaphragms with inadequate strength and stiffness, and as a result, deformations of the floor diaphragms are much larger than expected in design.  These deformations have a significant impact on the story drifts observed in the structure at locations away from stiff lateral force resisting elements.  Publications include: (1) Fleischman, R.B., Sause, R., Pessiki, S., Rhodes, A.B., "Seismic Behavior of Precast Parking Structure Diaphragms, PCI Journal, 43 (1), January/February, pp. 38-53, 1998.

Stephen Pessiki, Richard Sause, Le-Wu Lu, "Seismic Response Evaluation of Precast Structural Systems for Various Seismic Zones and Site Characteristics," CMS-9307880, $177,641, 8/93-7/97. This project is studying seismic design and evaluation of precast frame and frame-wall structures with unbonded post-tensioning. Analytical models for the unbonded post-tensioned connection regions have been developed; parametric design studies have been conducted, and prototype structures have been designed for different seismic zones. Inelastic dynamic response analyses of prototype structures are complete. Two Ph.D.s have been completed. Publications include: (1) El-Sheikh, M.T., Pessiki, S., Sause, R., and Lu, L.-W., "Moment-Rotation Behavior of Unbonded Post-Tensioned Precast Concrete Beam-Column Connections," ACI Structural Journal, 97 (1), pp.122-131, 2000. (2) Kurama, Y.C., Pessiki, S., Sause, R., and Lu, L.-W., "Seismic Behavior and Design of Unbonded Post-Tensioned Precast Concrete Walls," PCI Journal, 44 (3), May/June, pp. 72-89, 1999. (3) El-Sheikh, M.T., Sause, R., Pessiki, S., and Lu, L.-W., "Seismic Behavior and Design of Unbonded Post-Tensioned Precast Concrete Frames," PCI Journal, 44 (3), May/June, pp. 54-71, 1999. (4) Kurama, Y.C., Sause, R., Pessiki, S., and Lu, L.-W., "Lateral Load Behavior and Seismic Design of Unbonded Post-Tensioned Precast Concrete Walls," ACI Structural Journal, 96 (4), pp. 622-632, 1999.

3. BACKGROUND
The precast concrete industry has mounted a sustained effort to develop seismic-resistant precast concrete con​struction for buildings [Ghosh and Hawkins, 2001]. This effort was strongly supported by the NSF in the 1990’s through the Precast Seismic Structural Systems (PRESSS) program [Priestley and Lew, 1994]. However, the PRESSS program focused almost exclusively on the primary (vertical-plane) lateral force-resisting elements in all phases of the program. With the poor perfor​mance of precast concrete diaphragms, including the collapse of several parking structures during the 1994 Northridge earthquake [Iverson and Hawkins, 1994  EERI, 1994], the need for appropriate seismic design procedures is clear [Ghosh, 1999 Cleland, 2000]. As a result of subsequent research [Wood et al, 1995 Fleischman et al, 1996 Fleischman et al, 1998 Wood et al, 2000], it is now recognized that a critical barrier for reliable seismic performance of precast concrete structures is the design and con​struction of the floor diaphragms. While recent modifications to diaphragm design practice have been codified, e.g. 1997 UBC [ICBO, 1997], it is generally agreed among researchers and practitio​ners that current design practices require significant further improvement [Nakaki, 2000]. To address this important issue, UA, UCSD, and LU, together with PCI, propose a university/industry research collaboration with the ultimate goal of developing a comprehensive, accurate, and efficient seismic design methodology for precast floor diaphragms.

3.1. Diaphragm Behavior

The behavior of floor diaphragms is one of the most complex and least understood aspects in the seismic response of buildings. In most types of construction, this lack of understanding is forgiven as the floor can be assumed to be nearly rigid and have sufficient strength to transferring inertial forces while remaining elastic.  However, the jointed nature of precast concrete floor diaphragms exposes the significant seismic demands that occur in floor diaphragms. These demands include: (1) in-plane diaphragm force levels that significantly exceed those prescribed by current building codes; (2) unexpected diaphragm internal force patterns (including inertial forces due to diaphragm in-plane vibration modes); (3) inelastic behavior - a result of the prior two - and associated ductility demands on joint reinforcing details between floor units (panels); and (4) significant diaphragm deformations (which can amplify gravity-force resisting system drift demands).

 These sesimic demands result from a complex interaction of system behavior (the overall structure), component behavior (the floor diaphragms), section behavior (diaphragm panels and joints), and joint detail behavior (individual hardware and reinforcement).  Some aspects of this behavior are as follows: 

· The dynamic (elastic and inelastic) system response results in diaphragm force levels and force distributions that do not resemble the diaphragm forces used in design practice;

· The diaphragm dynamic response to these forces depends on both the diaphragm strength and flexibility (which may produce critical diaphragm in-plane vibration modes);

· Critical diaphragm sections will develop force combinations (in-plane shear, moment and thrust) that differ significantly from simple internal force patterns used in design practice;

· Compatibility-induced tension force will occur in web reinforcing details. These force combinations cannot be anticipated from current diaphragm models used in design practice;

· Irregularity in the floor plan or lateral force-resisting system element layout can cause flexural-torsional in-plane deformation modes to develop;

· The discrete forces transferred (at the reinforcing details) in the joints between panels can lead to panel deformations that do not follow plane-sections assumptions of the horizontal beam models used in diaphragm design practice

· The lateral force-resisting system elements imposes compatibility-induced in-plane forces and out-of-plane rotation on the floor diaphragms (superimposed on the gravity load)

Knowledge of the system behavior required to address shortcomings in current design practice are as follows:

(1) Knowledge to properly estimate diaphragm force levels and force distributions;

(2) Knowledge to estimate and correctly limit diaphragm flexibility to avoid unanticipated dynamic response and large drift demands on the attached gravity load-resisting systems;
(3) Knowledge of internal force paths and demands within the diaphragm and to design joint reinforcing details to transfer these forces across joints between precast units (panels);

(4) Knowledge to provide structural integrity in extreme seismic events, including adequate ductility to critical joint reinforcing details, adequate seating to the precast units, and adequate anchorage to the primary (vertical plane) lateral force-resisting elements.

3.2. Issues Critical to Developing an Appropriate Design Methodology for Precast Floor Diaphragms 

Elastic response is the preferred behavior for diaphragms [ACI, 1992], owing to the desire for in-plane stiffness [Chopra, 1995]. In many cases, elastic behavior is needed to avoid nonductile failure in the floor system, since this component of the structure is not typically provided with detailing for ductility. Clearly, building designs in which the diaphragm is the structure's weak link are to be avoided [Wood et al, 2000] since the seismic force reduction coefficients (the so-called “R factors” that reduce elastic earthquake forces to design forces) are based on the expected inelastic behavior of the primary (vertical plane) lateral force-resisting elements (e.g., shear walls or moment frames) and are not valid for buildings that concentrate inelastic behavior in the diaphragms. As such, strict building code requirements for elastic diaphragm design might be anticipated. However, even with recent modifications, current code provisions imply elastic diaphragm behavior but do not necessarily accomplish this goal [Nakaki, 2000]. Indeed, the project team’s prior research shows that diaphragms designed according to current practice will not remain elastic under the design basis earthquake [Fleis​chman et al, 2002]. Thus, in considering an appropriate seismic design methodology for precast diaphragms, several have advocated prescriptive elastic design [Cleland, 2001 Ghosh, 1999].

Given the role that inelastic diaphragm behavior played in the poor performance of several precast parking structures during the Northridge Earthquake [Fleischman et al, 1996], elastic diaphragm behavior seems warranted. An appropriate way to achieve elastic diaphragm behavior is a capacity design approach [Stan​dards New Zealand, 1995]. Capacity design aims to prevent nonductile behavior [Paulay and Priestley, 1992] by designing ordinary portions of the structure for forces related to the strength of the special, preselected, properly detailed portions of the structure that serve as structural “fuses”. One could imagine using the equivalent lateral force (ELF) pattern used for diaphragm design (See Figure 2a) to design diaphragms to be stronger than the primary (vertical plane) lateral force-resisting elements of the building, thereby relying on the yielding of these systems (for instance a plastic hinge at the base of the shear wall in Fig. 2b) as the structural fuse to limit the diaphragm force levels. However, an aspect of diaphragm behavior, not anticipated by the equivalent lateral force (ELF) pattern used in design, is the inertial forces that develop due to diaphragm deformations (related to diaphragm in-plane vibration modes) during a seismic event. 
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Figure 2. Profiles (Fleischman et al [2002]): (a) Code ELF; (c) Force; (d) Drift; (e) In-plane deformation.

3.2.1. Diaphragm Design Forces – Diaphragm design forces are currently obtained through equivalent lateral force (ELF) procedures. Figure 2a, for instance, shows the UBC pattern of diaphragm design forces Fpx. Subsequent diaphragm design steps depend on Fpx, thus these design forces should resemble the forces that develop during seismic events. However, evidence shows that diaphragm design forces from ELF procedures may significantly underestimate diaphragm inertial forces [Rodriguez, Restrepo and Carr, 2002] for wall and frame structures alike [Fleischman et al, 2002; Fleis​chman and Farrow, 2001]. Furthermore, the maximum inertial forces may occur in the lower floors of the structure [Fleischman, Sause and Pessiki, 1998; Rodriguez, Restrepo and Carr, 2002], in direct contradiction to current ELF patterns (See Fig. 2c). Large diaphragm forces have been deduced from acceleration measurements during earthquakes [Hall et al., 1995] and in shaking table tests [Kao, 1998]. 
The uncertainty in quantifying maximum diaphragm forces severely impacts the development of a reliable and economical capacity design approach. For wall structures, in particular, the extreme force events in the diaphragms are driven by modifications to the structure's dynamic properties after hinges form at the base of the walls [Eberhard and Sozen, 1993]. As a result, a capacity design approach that successfully produces shear wall base hinges while the diaphragms are elastic does not guarantee elastic diaphragm behavior will be sustained throughout the seismic event. Thus, the marked differences in the dynamic behaviors of elastic and inelastic struc​tures make the development of an appropriate diaphragm design methodology challenging, when seismic design procedures implicitly rely on the ability to scale from elastic behavior to inelastic behavior [Miranda and Bertero, 1994]. A serious attempt to resolve the uncertainties of precast diaphragm seismic design forces requires an evaluation of diaphragm force demand through nonlinear transient dynamic analysis and shaking table experiments. It is noted that the dependence of diaphragm response on system behavior increases in complexity with the introduction of diaphragm that are flexibile.

3.2.2. Diaphragm Flexibility – Precast construction is commonly and effectively used for building systems with long floor spans. In these structures, the typical long distances between the primary (vertical plane) lateral force-resisting elements creates a demanding condition for the diaphragms, by generating significant in-plane bend​ing moments and shear forces during seismic events, and also by producing a diaphragm that is quite flexible (See Fig. 2e). In precast construction, diaphragm flexibility is exacerbated by the inherent flexibility of jointed systems compared to a monolithic reinforced concrete diaphragm. Diaphragm flexibility can control a structure’s dynamic properties (structural periods, mode shapes, modal participation and number of important modes) [Fleischman and Farrow, 2001]. Seismic force demands therefore become a function of diaphragm flexibility. Inelastic softening can further amplify the effects of diaphragm flexibility such that the gravity force-resisting system in regions away from the primary lateral force-resisting system elements undergoes amplified drift demands, as shown in Figure 2d for a representative precast structure. For these cases, increases in diaphragm design strength will tend to reduce diaphragm deformation and hence the story drift [Fleischman et al, 2002]. As such, diaphragm behavior for floors spans of any appreciable distance depends on a complex interrelation of diaphragm strength and flexibility, and is also affected by the relative strength of the diaphragm to the lateral force-resisting system elements, the system overstrength, and also the ground motion intensity.

The diaphragm behaviors described above are not unique to precast systems. However, the significant seismic demands they produce can be particularly problematic for jointed systems in which forces must be carried by joint reinforcing details across the joints between precast units (panels). Thus, these demands require special consideration for precast floor systems. 
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3.2.3. Diaphragm Internal Force Paths – Provisions for precast floor diaphragms in high seismic zones require a cast-in-place topping slab for continuity [ICBO (1997)]. Nevertheless, the joints represent planes of weakness and the slab will tend to crack along the edge of precast units during (or prior to) seismic response. As such, the design of [Cleland and Ghosh, 2002] and untopped precast diaphragms alike requires adequate joint reinforcement to transfer internal forces across joints between the precast units. Current U.S. practice uses a horizontal beam model [Bockemohle, 1981] to determine diaphragm reinforcement. In this procedure, the diaphragm is treated as a simple beam lying on its side to determine the internal forces (moment and shear) due to Fpx (See Fig. 3a). Chord steel is provided to carry the entire in-plane bending moment; web reinforcement across panel joints parallel to the seismic force is designed to carry the entire in-plane shear; collector steel is provided in the diaphragm adjacent to the primary lateral force-resisting system elements. If joints transverse to the loading direction exist, reinforcement is provided across these sections in accordance with tributary shear guidelines [PCI, 1999].  

There are a number of difficulties with using the horizontal beam model for precast floor diaphragms, most notably that the method counts somewhat on plastic redistribution to allow the forces to end up as shown in Fig. 4a. For instance, Region 1 represents a portion of the diaphragm in which the web reinforcement, designed simply for shear transfer, is under high tension due to the in-plane bending of the diaphragm. Currently, precast diaphragms have little inherent plastic redistribution qualities, and thus if a section along the force path cannot accommodate the forces, a nonductile failure is likely. Region 1 happens to be at a point of small in-plane shear and, although not designed for tension, the web reinforcement might possess enough inherent tensile strength to handle this force. However, many diaphragm regions are subject to complex force combinations (shear, moment, and thrust coinciding at a section) that are more demanding than the internal forces determined from the simple horizontal beam model in Figure 4a. For instance, for Region 2, we might assume sufficient torsional flexibility in the shear wall to produce essentially zero diaphragm (in-plane) moment at the boundary. This condition may not be present; consider for instance Figure 4b, in which maximum shear and non-negligible moment will coincide in Region 2. Consider now Region 3, in which the reinforcement is treated as resisting only shear; this will be the case if the inertia forces shown travel sideways to the collector steel; however a stiffer load path may be provided by the precast floor beam near Region 3 causing a shear-tension combination on the reinforcement. In addition to these cases, other conditions contribute to force combinations including the direction of attack of seismic loads (e.g. diagonal) and internal forces due to differential movement of vertical elements of the lateral system (See Fig. 3c). 

A major consequence of the issues described above is that diaphragms may become inelastic even when elastic behavior is intended. The jointed nature of the precast floor diaphragms does not provide inherent protection against internal force overloads, and thus the diaphragms may become the critical components of the lateral force-resisting system. Thus, structural integrity measures must be designed into a precast diaphragm, even if diaphragms are designed to be elastic [Fib, 2002] [Fleischman and Farrow, 2003].
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3.2.4. Diaphragm Structural Integrity – Structural integrity requires adequate anchorage of diaphragms to the primary lateral force-resisting system elements, including carrying superimposed gravity loads and accommodating imposed rotations from walls [Menegotto, 2000], maintaining seating of the precast units [Mejia-McMaster, 1994], and providing adequate ductility to joint reinforcing details. In the event of overloads, inelastic deformation demands will tend to concentrate in the joint reinforcing details between precast units. In the past, these reinforcing details were developed without full consideration of ductility requirements. Indeed, a nonductile failure mode (shear failure of the web reinforcement) is the likely controlling limit state in the event of inelastic diaphragm action [Farrow and Fleischman, 2002]. 
The potential for non-ductile failure modes must be eliminated. Tensile deformation demands placed on the web reinforcement in high in-plane bending regions (e.g. Region 1 in Fig. 3a) become significant if the chord steel yields and must also be considered. Standard web reinforcement (welded wire fabric and joint mechanical connectors) possesses limited tensile deformation capacity and thus may fail. The effectiveness of shear friction provided by welded-wire fabric at joints under tension or flexure is also an issue. Diaphragm detailing issues are more complex for irregular floor plans. As an example consider the parking structure diaphragm, an irregular floor plan studied extensively by members of the research team. A typical parking structure diaphragm exhibits at least four failure-critical locations, one of which will control depending on the loading direction and lateral system layout. Figure 4a shows examples of the deformation patterns that may causing complex internal force combinations. The discretely-connected precast units themselves will not necessarily follow plane-sections assumptions of the simple horizontal beam model (see Fig. 4b). Therefore, forces acting on individual joint reinforcing details may not always be accurately predicted by calculations based on beam theory, even if the internal force combinations are properly estimated. 

3.3. Conclusions for Developing an Appropriate Design Methodology for Precast Floor Diaphragms

In summary, an elastic diaphragm design may be difficult to achieve reli​ably and economically. Thus, precast diaphragms may see inelastic behavior, which is undesirable but difficult to avoid, and thus joint reinforcing details must be detailed for ductility. The multi-faceted conditions of strength, stiffness and ductility lends itself to a design approach based on comprehensive performance requirements [Fleischman and Farrow, 2002] with appropriate design overstrength factors [Rodriguez et al, 2002]. A specific list of the design practice advances suggested by the performance issues raised in the previous section appears in Table 1.

4. CONCEPT OF THE PROPOSED RESEARCH

To develop the design advances listed in Table 1, closely integrated experimental and analytical simulations are proposed to develop the required knowledge of precast floor diaphragm behavior and the needed information on the stiffness, strength, and ductility capacity of critical precast diaphragm elements. 

1. Estimating Diaphragm Design Forces: (a) Develop a methodology for determining diaphragm design forces based on a more appropriate pattern and the use of overstrength factors; (b) Promote elastic response, but be prudent in anticipating unintended ductility demand.
2. Limiting Diaphragm Flexibility: (a) Incorporate a rational deflection calculation in diaphragm design. (b) Restrict diaphragm flexibility within limits that ensure safe drift performance in a seismic event. (c) Account for diaphragm flexibility effects on other performance quantities, e.g. force or ductility.
3. Diaphragm Internal Force Paths: (a) Develop a simple yet effective method of calculating forces at a section based on the relative stiffness of diaphragm reinforcement elements. (b) Provide guidance on how to determine and combine shear and tension components in the analysis of floor systems to permit the design of reinforcement for resultant forces. (c) Promote the use of rational methods, e.g. strut-and-tie or stringer-panel methods [Blaauwendraad, Hoogenboom, 1996] for irregular floor plan cases.
4. Maintaining Structural Integrity – Develop a rational and unified method for treating reinforcing details including: (a) Eliminating the potential for nonductile failure in a internal force overload situations by providing a capacity design for web reinforcement with respect to the chord steel; (b) Providing recommendations for the tensile characteristics of web reinforcement (strength, ductility or compliance) to provide the desired seismic behavior.

Table 1. Advances for design practice possible with knowledge gained by proposed activity

4.1 Rationale

 Some of the research needed to address the critical issues identified in the previous section have been undertaken previously, by others [Wood et al, 2000 Wood et al, 1994], and by members of the research team (as evidenced by the nine references in this proposal, one cited in the NEHRP provisions [BSSC, 2000] and the FEMA 273 guidelines [BSSC, 1997]). While these projects have produced valuable information, this previous research suffers from the limitation that diaphragm forces and force paths have been estimated entirely through analytical simulation (see Table 2). These analytical simulations depended heavily on test results for individual joint reinforcing details under highly idealized loading conditions. 
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The tests of individual joint reinforcing details, [e.g., Mattock, 1975; Pinchiera et al, 2000; Oliva, 1998], achieved their objectives, and the resulting data is extremely valuable, providing a basis for analytical models and the capacity of individual details. However, direct extrapolation of these test results to estimate the capacity of an entire joint is questionable, because these details possess limited ductility and act in parallel. As a result, the actual joint behavior depends on a complex interaction of the force combinations, the load history, and the state of other reinforcing details in the joint (intact, softening, failed). In reality, each individual reinforcement detail is subjected to a different force combination (e.g., tension/shear, compression/ shear), and this force combination changes as the stiffness and strength of nearby reinforcement details degrade. Therefore, even recent ambituous tests of joint connectors in combined shear and tension [Pinchiera et al, 2000] cannot be extrapolated to accurately predict diaphragm joint behavior.

  Entire joints between precast units have been tested [Moustafa, 1981], [Por​ter and Sabri, 1990], [Menegotto, 1994]. The test setups – typically full-scale precast concrete panels loaded with single actuators – impose artificial boundary conditions (rigid planes, equal displace​ment constraints, etc.) that limit the extent to which the observed behavior represents the actual behavior of a diaphragm joint. The joint deformation patterns determined by recent analytical studies (e.g., Fig. 5b) suggest that tests using these artificial boundary conditions provide unrealistic estimates of the capacity of the entire diaphragm joint, and the force/ductility demands that occur on the reinforcement details. Recent tests have attempted load paths under more accurate displacement fields [Herlihy and Park, 2000]. However, the most direct approach is to apply accurate joint forces in the sequence, magnitude, and proportion as they might occur in an actual seismic event. This is the main concept of proposed research.

The key features of this approach are: (1) the use of a versatile load frame capable not only of standard cyclic load patterns but also force combinations (either at full-scale for portions of a joint or at reduced-scale for an entire joint); (2) the use of detailed finite element (FE) models of complete diaphragms from representative floor plans to determine critical force combinations and deformation patterns; (3) the use of nonlinear time-history dynamic analyses (NTDA) of prototype structures to determine diaphragm force demands under earthquake simulations; (4) the use of quasi-static tests of the diaphragms and shaking table tests of entire structures to verify the FE and NTDA results and guide their combination in creating critical load histories to which reinforcing details are subjected; (5) reproducing these load histories in the versatile load frame to more closely represent the actual demands on the reinforcing details in an earthquake (see Table 2). Thus, the project relies, as in previous projects, on finite element analyses of precast diaphragms, but these analyses will be verified by system-level experiments; and will provide realistic demands for joint reinforcing detail experiments. The versatile test system will allow examination of the large number of important design parameters under consideration by the precast industry (topped/untopped; hollow core/double tee; chord, collector, web reinforcement; anchorage, etc).
4.2 Proposed Research Activities

Table 3 summarizes the proposed research activities. These activities provide the knowledge that enables the design advances listed in Table 1, the research activities and deliverables. Each university has individual research activities yet significant value is gained by integrating these activities.  

1. Determine likely diaphragm force demands, and

2. Determine likely diaphragm-induced drift demands by:

· Perform nonlinear time-history dynamic analyses on a representative set of precast structures under ground motions scaled to hazard levels for different regions of the country (UA, UCSD). 

· Verify the analyses through shaking table test comparisons (UCSD). 

3. Determine the likely (i) force distribution between chord and web reinforcement for different details at a general section; and (ii) force combinations at critical sections of different representative floor plans; and (iii) chord-collector interaction for different seismic loading directions:

· Perform finite element analyses on a set of representative precast floor plans and details under lateral loads from different angles of attack (UA). 

· Verify the analyses by a limited number of quasi-static diaphragm tests and shaking table tests that reproduce the diaphragm’s distributed horizontal geometry (UCSD). 

· Use the resulting force combinations as loading histories for the full-scale experiments in versatile load frame, allowing several details and locations to be evaluated under an accurate representation of actual force conditions (LU). 

4. Investigate deformation patterns and ductility demand, determine characteristics of local deformations:
· Conduct shaking table tests (UCSD). 
· Examine regular to irregular floor plans analytically to determine demand on details (UA). 
Perform load tests for key regions of each set of representative floor plans using the load patterns obtained in analysis to produce likely overload (ductility) conditions (LU).

Table 3. Proposed Research Activities to Obtain Needed Knowledge

4.3. Integration of Analytical and Experimental Research with Industry Knowledge 

[image: image11.wmf]Figure 5 shows a flow chart describing the integrated approach proposed for the diaphragm research.  (1) Individual joint reinforcing detail (element) tests will be performed on at full scale under simple (proportional) cyclic load combinations. The properties determined (in conjunction with prior work) will be used as input to create accurate diaphragm FE models.

[image: image12.wmf] (2) The FE models (of representative floor plans) will be analyzed under different earthquake loading conditions. The analytical models will be verified or appropriately modified by direct comparison to quasi-static push tests (2a). 
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(3) Earthquake simulations will be performed on models of representative structures at different levels of seismic hazard. These analyses will be verified or appropriately calibrated by shaking table tests (3a). The analyses establish seismic demands. 

(4) Based on seismic demands obtained in the structure analyses in (3), and force combinations and deformation patterns obtained in the diaphragm analyses in (2), realistic loading patterns are applied to portions of full-scale precast units and entire joints at half-scale in the multi-component load frame. These patterns will correspond to histories at different critical diaphragm locations (maximum flexure, shear, adjacent to wall anchorage, etc.).

As shown in the final column in Figure 5, the research program is structured to produce distinct design deliverables including: (1) an appropriate diaphragm design force pattern in terms of magnitude and distribution; (2) a procedure to determine the likely combination of internal forces at key diaphragm sections; (3) a unified design for reinforcement in untopped and topped diaphragms; (4) structural integrity provisions including the required ductility characteristics of the reinforcement; (5) the strength and ductility characteristics of typical diaphragm reinforcement and connection details relative to these provisions, including prequalification of existing details and a prototcol for qualification testing for new details; (6) design and detailing recommendations for anchorage of the diaphragm to the vertical elements of the lateral (load-resisting) system; and (7) diaphragm elastic stiffness calculations and limits on diaphragm flexibility. 

To accomplish the integration of research, shown in Figure 5, with industry needs and knowledge, specific interactions among the project team members are needed.  The team will make use of two groups for industry interaction: An Industry Advisory Panel (IAP) for broad oversight and a Diaphragm Seismic Design Methodology (DSDM) Task Group, for specific tasks related to the research activity. Five types of interactions are planned: (1) bi-weekly conference calls or web meetings of researchers from UA, UCSD, and LU with the participation of DSDM Task Group members; (2) quarterly face-to-face meetings of the project team (UA, UCSD, and LU with the DSDM Task Group); (3) semi-annual meetings of the project team with the IAP at PCI’s fall convention and PCI’s spring committee meeting days; (4) special-purpose visits of UA researchers to UCSD and LU for detailed discussions to integrate the analytical and experimental research and to observe experiments; and (5) extended exchanges of the graduate student researchers among the universities during the summers.

The DSDM Task Group will be instrumental in helping to guide the physical scope, including: (1) the selection of prototype structures in terms of lateral system types, story height, floor plan, and (2) the selection of representative floor plans in terms of configuration – dimension, framing and lateral system layout; reinforcement details and construction practice; and also at the end of the project to help transform the research results into an appropriate design methodology.

The objectives of the NSF’s GOALI program require special attention to industry participation in the research collaboration.  Industry will participate in three ways: (1) participation of the DSDM Task Group in regular project meetings; (2) participation of DSDM Task Group member S.K. Ghosh, PCI’s designated representative, as Co-PI of the project; and (3) semi-annual meetings with the IAP.  The DSDM Task Group is organized to provide regular, detailed guidance to the university researchers throughout the project.  DSDM Task Group members, identified in Section 7 Broader Impacts, are primarily precast building design engineers and engineering consultants with in-depth knowledge of precast diaphragm design issues and experience with seismic building code development processes.  The Industry Advisory Panel is organized to provide broad industry input to the project, and includes precast producers, designers, and academics.  The members of the IAP are identified in PCI’s letter of commitment to the project.

4.4. Future Opportunities

The proposed collaborative project of integrated experimental and analytical research represents the best opportunity thus far to develop comprehensive understanding of diaphragm behavior. For this reason, the design methodology emerging from the proposed research should represent a significant advance over the state-of-the-practice. However, diaphragm research will need to continue in the future to further understanding of the topic; increase the confidence in the design methodology developed by the proposed research; point to areas that require modification, and aid in the development of new systems or construction techniques, particularly those brought on by the new design methodology, for instance as “proof of concept” tests on an emerging design.

In this regard, the timing of this proposal is ideal because the proposed project timetable coincides with the construction and the October 2004 commissioning of the George E. Brown Network for Earthquake Engineering Simulation (NEES). Given the expected capabilities of the NEES Portfolio, including large scale shaking tables and full-scale hybrid testing, the promise for a new generation of structural system experimental research is great. The research team is well-represented in NEES, including an award for the largest domestic shaking table (UCSD) and a full-scale hybrid testing site (LU). The seismic performance of precast diaphragms is an ideal candidate for future laboratory simulations using the NEES testing facilities at UCSD and LU to accommodate the distributed nature of the floor system in near full-scale, to enforce realistic bound​ary conditions, and to provide an accurate representation of the actual dynamic loading. The proposed NSF activity, while directly adressing a pressing industry concern, also represents an unique opportunity to develop a knowledge base for future NEES research by: (1) suggesting the appropriate simulations that should be performed; (2) ensuring that the correct boundary conditions are applied across substructuring interfaces for hybrid testing. 

5. RESEARCH PROGRAM

The experimental program will make use of existing infrastructure at the UCSD and LU testing laboratories. Preliminary design of the test setups has already been initiated. In particular, it is important to note that the team member has performed nearly identical tests on another type of construction [Filiatrault, 2002], and that these tests are being heavily leveraged by one of the consortium institutions (UCSD). The analytical program will rely on the team’s advanced state of knowledge on this topic to extend rather than develop models. All these factors tend to minimize risk and start-up delays. This is viewed as a significant advantage to allow the team to focus their creative energy on the research and design issues.

5.1 Description of Analytical Methods

Modeling the behavior of precast floor diaphragms is challenging, requiring detailed models to capture complex deformation patterns, compatibility-induced forces and non-traditional dynamic mode shapes. Thus, the endeavor requires realistic models that capture pertinent behavior through the use of the latest analytical tools and computational power, and must not only involve competent modeling (both nonlinear static and dynamic), but also advanced understanding of the modeling issues. At the same time, it must be kept in mind that simple tools and models need to be developed for practical use in design. 

The two stage approach adopted in the team’s prior analytical research will be extended: Detailed finite element (FE) models of individual floor diaphragms are subject to nonlinear static (pushover) analyses to deter​mine service level stiffness and ultimate strength of the diaphragms (capacity step). Multi-degree-of-freedom (MDOF) models (created using the properties derived from the pushover analyses but at less detail to facilitate reasonable analysis times) are subject to suite of earth​quakes through nonlinear transient dynamic analysis to established seismic demands for structures (demand step). The FE discretization of the joints between the precast units employs nonlinear springs and contact elements. The characteristics of the reinforcing elements are based on empirical data. The MDOF models are developed using a generalized coordinate treatment [Chopra, 1995]. The properties for these models are obtained from the FE pushover analyses. Global diaphragm demands obtained in the dynamic analyses are used as reference points to look up local ductility demands by examining the internal state of the FE model. This symbiotic relationship between the two research stages illustrates the dependence of demand on capacity.

Early in the effort, the team will evaluate refining of the approach, including examining the feasibility of three-dimensional nonlinear dynamic analysis, and though its use certainly would enhance the work, the ability to perform the research does not hinge on this feature.
5.2. Description of Structural System/Diaphragm Experimental Program

A three-story one-quarter scale building will be built at UCSD. This building will be constructed to observe system behavior under static and dynamic loading conditions. The plan dimensions of the building will be 6 ft 6 in. wide by 19 ft 6 in. long, as shown in Figure 8a. The diaphragm in this building will be constructed using scaled precast concrete floor units and will incorporate connection details identical to those used in practice.  The diaphragm reinforcement will be designed in accordance to the requirements of the 1997 edition of the Uniform Building Code  [ICBO 1997]. One floor will incorporate a untopped diaphragm whereas a cast-in-place topping will be featured in the other two floors.  Floor units of different widths will be used to build each of the topped floors to represent 3 ft double-T units or 4 ft hollowcore units.

The building will be constructed on the 10 ft by 16 ft uni-directional earthquake simulator facility at the Charles Lee Powell Laboratory. Structural walls will provide the lateral force resistance in the direction of loading.  The walls will be supported on a stiff steel base with cantilever outriggers.   A similar base was successfully used recently to test a full-scale woodframe house [Fischer, D. et al. 2000; Filiatrault et al. 2002].  

Characterization of the building and diaphragm’s response will be obtained through quasi-static and dynamic shake table tests.  The quasi-static tests will consist on the application of a point load at the center of a diaphragm to about 75 percent of the in-plane load capacity.  For this purpose, the floor diaphragm under consideration will be attached to the reaction wall that is adjacent to the shake table, as shown in Figure 7b. The base of the building will be moved slowly by the shake table in order to induce the desired loading to the diaphragm. Each diaphragm will be subjected to three complete cycles to 25, 50 and 75 percent of the theoretical in-plane capacity. Displacement transducers will be set in place to monitor the diaphragm in-plane deformations and to enable the decomposition of the shear and flexural deformations.  Strains in different parts of the diaphragms and in the main reinforcement will also be monitored during these tests. The main advantage of this quasi-static testing technique using the complete structural system is the direct inclusion of realistic boundary conditions along the edges of the diaphragms. The ensemble of records for the tests will include pulse-loading, band-limited white noise and historic ground motions, including a near-fault record. 
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Figure 8: a. Diaphragm Plan View for UCSD System Test;  b. Quasi-static Testing of 3rd Floor Diaphragm

5.3. Description of Precast Units/Joint Reinforcement Detail Experimental Program 

A multi-component diaphragm (MCD) test fixture will be built at LU. The MCD testing will be capable of investigating a variety of precast diaphragm joint reinforcement details at full-scale including connections between individual precast units, connections between precast units and intermediate supports, and connections between precast units and collectors such as shear walls (See Fig. 9).  These tests will enable direct evaluation of a detail’s ability to transfer joint forces, provide adequate anchorage to the vertical elements of the lateral system, and sustain the diaphragm’s structural integrity in extreme seismic events.
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Figure 9: Examples of locations in precast diaphragms to be reproduced in the MCD testing

The majority of testing will focus on the performance of the connected precast units subjected to a combination of shear, axial load, and flexure across key portions of joints between precast units (Fig. 10a). While tests of full-scale panels with joints under simple boundary conditions do not capture all the conditions to which the diaphragm joints are subjected, a limited number of such “baseline” tests will be used to assist in interpreting the more complex load cases. The system will allow for future testing of conditions at walls or supporting beams (See Fig. 10b). Finally, entire panel joints will be tested for reduced-scale double tees units and full-scale hollow core units (See Fig. 10c). Test sub-components will measure approximately 20ft. x 20ft. in plan.  The setup will be configured to accommodate both these types of units with and without topping slabs and apply cyclic loading at quasi-static displacement rates. Topped tests will be staged to capture the in-service state and gravity load.
The MCD fixture will first be used to evaluate elements or panels under simple demands such as pure shear or axial force (baseline tests). The purpose of these tests is to provide a performance baseline for the subsequent precast joint tests under more complex loading conditions. An example of a representative baseline study the IAP might consider is the examination of welded wire fabric shear friction capabilities under cyclic shear force as superimposed tension (or flexure) is increased.
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Figure 10: Plan views of MCD fixture showing test configurations A, B, C

Following the baseline experimental program, tests will be conducted using histories of varied levels of axial, shear, and moment determined in the analytical program to define the forces and displacements imposed by the three actuators of the MCD fixture. These tests will evaluate performance under more realistic load histories. For scheduling efficiency, hollow core tests will be conducted in first followed by the double tee investigation.  The scheduling plan is summarized in section 5. Experimental evaluations of the design capacity for key regions of topped and untopped precast diaphragms will occur through testing the selected reinforcement details in portions of precast units and entire precast units at full-scale. Though the test matrix will be developed in collaboration with the IAP, Table 4 shows a potential testing program involving approximately 16 full-scale reduced length precast unit test specimens. 
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Table 4: Potential joint/unit test matrix

6. SCHEDULE OF WORK 

The research program is scheduled for a three-year duration.  A detailed Gantt chart of the project is shown in Figure 11. The program incorporates industrial and academic participation, analytical studies, and experimental testing into an integrated research program.  Upon securing funding, the work will commence with finalization of the Industry Advisory Board (IAP). The IAP will provide broad oversight; activities will be discussed and planned at biannual Research Meetings (RMs). The Diaphragm Seismic Design Methodology (DSDM) Task Group is in place; no modifications to this group are anticipated at this time. The common responsibilities of the DSDM and the research team include: developing a target design philosophy; determining the physical scope, agreeing to test setups and programs, setting a testing protocol for research and one for qualification; developing performance targets and appropriate metrics, and developing a uniform design methodology for precast concrete diaphragms. Tasks regarding development and approval of test setups; and conception and approval of the test program will occur over frequent conference calls and emails and will be finalized during the first two RMs. 

Figure 11: Project schedule
Task 1. Assemble Industry Advisory Panel – The research team envisions finalizing the Industry Advisory Panel (IAP) within 4 weeks of notification of the award. The IAP will meet with the research team two times annually: once during PCI Committee Days (April) and once during the PCI National Convention (October). The DSDM Task Group will interact more frequently with the Project Team and will meet at least once at each site dependent on experiment scheduling. 

Task 2. Review and evaluate existing code –The code review, literature survey, and database work will be completed within the first two months (PT, DSDM). Evaluation of existing code will commence at the first RM; code evaluation subtasks will be developed and assigned (DSDM), and consensus on the code evaluation/new directions is targeted for RM2. A database of industry and proprietary testing will be created. 
Task 3. Distribute packet for RM1 – The packet will contain lists of potential structures, floor plans and reinforcement details. These options will be discussed and selections will be made during RM#1. 

RM1: Research meeting 1 will be held in conjunction with a PCI Committee Day meeting.  Three milestone goals will be achieved during RM1:

· Milestone #1: Determine scope of study in terms of structural system and floor plans.  

· Milestone #2: Select feasible subset of reinforcement details for the study. 

· Milestone #3: Select (element) testing program for individual reinforcement details.

As part of achieving these goals the DSDM will review and approve or modify research program as needed; select set of prototype structures: floor plans, construction, structural systems, etc.; select geographical regions (seismic zones); select a set of reinforcement details: existing details, promising new details, state of construction in other countries; review state of testing on diaphragm reinforcement details and identify missing coverage; approve element testing program at LU (Phase I) including load combinations and loading protocols; present initial plans for UCSD test structure: approve, modify scope as needed; initiate discussion on design methodology.

Task 4. Refine analytical models  (UA, UCSD) – Extend existing analytical models will be for use in this research. This task involves the first interaction between graduate students at UA and UCSD. Knowledge will be exchanged to allow the most efficient approach to be selected.

Task 5. Perform earthquake simulations on prototype structures – Using selected floor configurations and structural systems, design parametric study for determining system level demands for rigid diaphragm (UCSD), and flexibel diaphragms (UA).  Select ground motions corresponding to multiple hazard levels for different geography. Select design parameters: Diaphragm strength, flexibility, lateral system strength, etc. based on DSDM guidance. 

· Milestone #4: Estimate of Seismic Demands on Prototype Structures.

· Design Deliverable #1: Design Force Pattern; Limits on Diaphragm Flexibility.

Task 6. Baseline Element Tests (LU) - The needed baseline tests on individual elements identified in RM#1 will commence at LU. The purpose of these tests in Phase I is to provide accurate input data for analytical models of the diaphragm. Tests of connections in hollow core panels will be conducted first followed by double tee connections.  Tests will consist of single element subjected to combinations of shear, tension, and compression loading.

· Milestone #5: Capacity of Individual Reinforcement Details.

· Design Deliverable #2: Nominal Strength of Individual Reinforcement.

Task 7-10. Develop UCSD quasi-static/shake table tests – Preliminary work will be performed to assure the UCSD tests will provide the needed data including: Nonlinear finite element analyses of the quasi-static tests (UA); Dynamic analysis of the shake table tests (UCSD); Tentative decision on the final test specimens (pending IAP approval in RM2). Graduate students at UA and UCSD will work closely to assure each teams model is using appropriate boundary conditions and element data. Consensus on the nature of the UCSD tests will be reached by the PI and co-PIs; construction and reinforcing details will be determined by the DSDM.

RM2: Research meeting 2 will be held in conjunction with a PCI Convention.  During the meeting the following tentative tasks will be accomplished: 1) report on research progress of analytically defined seismic demands on prototype structures, and experimental determined capacity of individual reinforcement details; revisit selection of reinforcing details (IAP); approve; improve; reject; design of prototype structures to current code (DSDM); finalize UCSD test program, loading histories, review expected performance; propose LU multi-component test program guided by analysis; estimate number of LU tests; develop design methodology; propose load pattern (initial); and propose drift limits. One milestone goal will be achieved during RM2:

· Milestone #6: Approve UCSD program; release producers to create specimens

Task 11. Report Writing - Present outcome of Phase I work at 2003 PCI Convention; provide written report in November 2003 (includes milestone in RM#2). PCI approves/modifies the testing program December 2003.

Task 13-14. Perform Diaphragm Analyses (UA) - As Year 2 is initiated, three parallel activities will occur at each consortium institution. Diaphragm analyses are performed on detailed finite element models representing the prototype floor plans under the demands established in the earthquake simulations of the prototype structures. The models will be built with the information provided in Task 6 and loaded to levels observed in Task 7.  To be successful on this task requires the strong interactions between the research teams at each institution.

· Prototype floor configurations

· Topped/pretopped; Hollowcore/double tees

· Pushover; cyclic, Earthquake histories

Task 15-16. Perform Diaphragm/Structural System Level Experiments (UCSD) - Quarter-scale models of the topped and untopped prototype diaphragms will be evaluated under quasi-static testing and shaking table tests.  A site visit involving the entire research team and the DSDM will occur at UCSD.
RM3: Research meeting 3 will be held in conjunction with a PCI Committee day meeting.  During the meeting the following tentative tasks will be accomplished: Report on research program at UCSD, LU, and UA; select loading conditions for LU multi-component tests (based on FE results to date); finalize floor plans and key floor regions for study (DSDM); finalize loading orientation, intensity level, etc. One milestone goal will be achieved during RM3:

· Milestone #7: Finalize the LU multi-component program

· Milestone #8: Decide on the load patterns/histories for use as input to the MCD. 

Task 17: Compare to shaking table results (UA, UCSD)- The topped shaking table tests and the FE analyses will be compared and evaluated by researchers at UA and UCSD.

Task 18. Diaphragm Panel-Panel Connection Tests (LU) - System tests will be conducted on full-scale panels. The system behavior of the panels will be evaulated using the load histories from the most demanding situation (high shear/flexure/axial in parking structure). 

Task 20: Multiple Connection Panel-Panel Experiments (LU) – Tests on full-scale reduced length panels with multiple connections will be conducted. The MCD will simulate the displacement demands on the connections found by the analytical and shaking table tests. A site visit involving the entire research team and the DSDM will occur at Lehigh.

· Design Deliverable: Ductility Demands on Details
RM4: Research meeting 4 will be held at a PCI Convention.  A report on final baseline tests and initial multi-component tests will be made.  In addition, quantification metrics will be developed.  At this time, it is appropriate for the DSDM and the research teams to formulate a preliminary framework for the design methodology. One milestone goal will be developed:

· Milestone #9: Develop Target Demands; Design Deliverable: Baseline Joint Capacity

RM5: At the 5th research meeting at the PCI Committee Day, the DSDM will present the 1st draft design methodology and the qualification testing protocol will be discussed. Design methodology subtasks will be assigned.

Task 23: Development of the Design Methodology – Beginning immediately after RM5 and extending until the end of the project, the DSDM will lead the effort to develop the design methodology including strategies to bring this methodology into the code.

Task 24: 3D Finite Element Anchorage Study – Utilizing the experimental results detailed and simplified anchorage studies will be conducted at LU and AU.
RM6: During the final research meeting at the annual PCI Convention consensus on a final draft design methodology will be achieved and the applicability of untopped construction will be discussed.  Following the meeting a final report will be developed over the last two months incorporating all comments.   

7. BROADER IMPACTS

The project will directly impact seismic design practice and building codes for precast concrete buildings, and the project results, when put into practice, will advance the safety of precast concrete buildings in seismic zones. The interest of the project’s industry partner, PCI, is evident from their funding contributions, outlined in Section 1 on page 1 of the Project Description, as well as from PCI’s commitment to financially support the activities of the DSDM Task Group and the IAP.  The planned interactions and roles of the DSDM Task Group and the IAP were outlined in Section 4.3 on page 9 of the Project Description.   The membership of the IAP is given in the commitment letter from PCI.  The membership of the DSDM Task Group is as follows:

S.K. Ghosh, DSDM Task Group Chair, Project Co-PI, President, S. K. Ghosh Associates, Inc. Skokie IL.

Roger Becker, Vice President, Spancrete Industries, Inc., Waukesha WI

Ned Cleland, President, Blue Ridge Design, Inc., Winchester VA

Tom D’Arcy, Chair of PCI Research Committee, President, Consulting Engineers Group, San Antonio TX

Neil Hawkins, Professor Emeritus, Univ. of Illionois

Paul Johal, PCI Research Director, PCI, Chicago, IL

Joe Maffei, Rutherford & Chekene Engineers, Oakland, CA

Susie Nakaki, Engineering Consultant, President, The Nakaki Bashaw Group, Inc., Irvine, CA

Each of the members is quite active in this area. N. Hawkin’s presence on the DSDM provides the team with direct information of ongoing PCI-supported research on precast diaphragms at the Mid-America Earthquake Center at Urbana-Champaign and Dr. Hawkins has proposed that these efforts be aligned. The project team will explore these possibilities. The project team is confident that the participation of the DSDM Task Group and interactions with the IAP will result in an appropriate seismic design methodology for precast diaphragms, which is the project’s goal. However, the full impact of the project will not be realized unless this seismic design methodology is deployed into practice.  To this end, the project team is committed to make regular presentations to design practitioners at PCI’s annual fall convention and annual spring committee meetings, to work with PCI to advance the project results into building codes, and to participate in PCI-sponsored regional seminars.  Also, the project team will present the project results at national research conferences and disseminate the results through peer-reviewed publications.

The project will also provide educational benefits at the participating universities.  The project will financially support four graduate students, including 1 M.S. and 1 Ph.D student at UA, 1 Ph.D. student at UCSD, and 1 Ph.D. student at LU.  These students at each university will have the opportunity to travel to the other universities for meetings and extended stays.  In particular, tasks 4,8,9 and 17 involve strong interaction between graduate students at UA and UCSD; likewise tasks 18 and 20 involve strong interaction between graduate students at UA and LU; and task 13 involves interaction between all three groups. The students will be educated through the research and the interactions with industry practitioners. Finally, the project team will utilize project results in graduate curriculum at the participating universities, and in seminars and short courses for industry practitioners.
Figure 1. Diagram of research integration
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Figure 3. Diaphragm Internal Force Paths: (a) Horizontal Beam Model; (b) End Conditions; (c) Sources of Force Combinations.
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Figure 4. Irregular diaphragm response: (a) diaphragm in-plane deformation modes; (b) precast unit deformation patterns.
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Figure 5: Flow chart of integrated experimental and analytical activities at the three consortium sites
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Table 2. Analytical and experimental work: state-of-the-art versus proposed research
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