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Abstract 

This paper presents an initial evaluation of the seismic demand for diaphragms 
during a shake table test of a three-story precast concrete structure. Each level of 
the test structure contained a different precast concrete floor construction 
technique: topped double tees on the lower level; topped hollow core on the 
middle floor; and pretopped double tees on the top floor. The diaphragms were 
designed and detailed according to a new design methodology developed as part 
of parallel research. The structure was subjected to a series of 16 strong ground 
motions with increasing intensity including design-basis and maximum 
considered earthquakes for which the diaphragms were designed. In the paper, 
the major diaphragm global and local response is quantified. Conclusions are 
drawn regarding the observed diaphragm behavior. 
Keywords: precast concrete; diaphragm, seismic response, shake table test. 

1 Introduction  

A half-scale shake table test of a diaphragm-sensitive precast concrete structure 
was conducted at the Englekirk Structural Engineering Center of the University 
of California, San Diego (UCSD) [1] as part of a multi-university research 
project tasked with developing a new seismic design methodology for precast 
concrete floor diaphragms [2]. This paper presents quantitative results from the 
testing program focusing on the response of the diaphragms. The results 
presented in this paper serves as a reference for analytical model calibration 
efforts, occurring in parallel, as part of the development of diaphragm design 
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factors for codification of the new precast concrete diaphragm methodology. 
Conclusions are drawn regarding the observed diaphragm behavior. 

2 Shake table tests 

This section summarizes the design of the floor diaphragms for the shake table 
test. The reader is referred to [1] for a detailed description of the overall shake 
table testing program, including testing facility, specimen production, 
construction and details, testing sequence, peak responses and test observations. 
The design and test information presented in this section are in half-scale. 

2.1 Test structure  

The half-scale precast structure specimen is shown in the plan in Figure 1. Each 
level of the structure contained a different precast concrete floor construction 
technique (see Fig. 1(b)–(d)): topped double tees (DT) on the lower level; topped 
hollow core (HC) on the middle floor; and pretopped DT on the top floor. The 
structure aspect ratio in plan of 3.5 and lateral force resisting system layout 
[perimeter post-tension (PT) shear walls] are configured so as to create a 
diaphragm-critical structure in the direction of the shake table excitation 
(indicated in Fig. 1(d)).  
     The precast unit and diaphragm reinforcement layout for each floor is shown 
in Figure 1(b)–(d). As the structure is symmetric, each layout is indicated on a 
half-floor plan. The first half-floor plan (see Fig. 1(a)) shows the typical 
instrumentation layout.  
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Figure 1: Shake table specimen. 
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2.2 Diaphragm design  

The diaphragms of the test specimen were designed and detailed according to a 
new design methodology developed as part of the research [3]. In this design 
methodology, diaphragm design forces are aligned to diaphragm performance 
targets using three different design options. A reduced design option (RDO) was 
selected for the diaphragm design of the test structure with the following 
performance targets at maximum considered earthquake (MCE): (1) inelastic 
flexural response within the allowable diaphragm reinforcement deformation 
capacity; and (2) elastic shear response. To achieve these performance targets, 
the design methodology involves three primary modifications to current code: 
(1) an amplification factor (R) is applied to current diaphragm design forces, 
termed baseline design force; (2) a shear overstrength factor (v) is applied to 
the diaphragm shear design; and (3) high deformability elements (HDE) are used 
for the diaphragm reinforcement.  
     The diaphragm baseline design force was determined based on the current 
code equivalent lateral force (ELF) method used for the LFRS design. Although 
the LFRS of the test structure is the innovated PT wall which was designed using 
displacement based design method for Berkeley CA [4], this LFRS design is 
equivalent to a special shear wall (R=6, o=2.5, Cd=5) according to the current 
code [5].  The ELF calculation for the test specimen in half scale is shown in 
Table 1. The diaphragm force Fpx (53.8 kips) at top floor is selected as the 
diaphragm baseline design force and applied to all the three floors according to 
the new design methodology.  
 
 

Table 1:  ELF calculation for the test specimen. 

Story hx wx wxhx
k cvx Fx Fpx 

[ft] [kips]    [kips] [kips] 
3 19.5 77.6 1513 0.49 53.8  53.8  
2 13 82.1 1067 0.35 37.9  47.1  
1 6.5 77.2 501 0.16 17.8  42.8  

Summation  237 3082 1.00 109    
 

     The diaphragm design factors for the test specimen were calibrated based on 
preliminary analytical studies. The final selected design factors are: R =1.34 
and v =1.61, which are closed to the values (R =1.35 and v =1.53) calculated 
from design equations proposed in [3] (BSSC TS4 2009). For the RDO design, 
the HDE reinforcement details for each floor diaphragm are used and shown in 
Figure 1(b)–(d) including: (1) dry chord connectors and JVI Vector connectors 
on the pretopped double tee 3rd floor; (2) continuous chord reinforcement and 
ductile welded-wire ladder reinforcement (WWR) at the panel joints for the 
topped non-composite 2nd floor hollow core diaphragm; and (3) continuous 
chord reinforcement, ductile ladder, and hairpin flange-to-flange connectors for 
the topped composite 1st floor double tee diaphragm. 
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     The diaphragm designs for flexural critical (at diaphragm midspan) and shear 
critical joints (at diaphragm ends) are shown in Table 2. The diaphragm required 
design moment (Mu) and shear (Vu) are calculated using the simply supported 
horizontal beam method. The diaphragm nominal strength is determined at the 
joints. The design shear and tension strength values for individual diaphragm 
reinforcement elements (connectors or bars) are obtained from the test database 
of diaphragm connector properties [6]. The nominal shear strength (Vn) is 
calculated the summation along the joint includes the chord reinforcement 
contribution to shear strength. The nominal moment strength (Mn) is calculated 
as the moment at which the chord reinforcement reaches its tensile yield stress 
based on a strain compatibility procedure [3] that includes the contribution of the 
shear reinforcement to flexure. No reinforcing bar cut-off and only one spacing 
variation for JVI Vector and Hairpin connector are imposed along the diaphragm 
span (refer to Fig. 1(a)). 
 

Table 2:  Diaphragm joint design. 

Story 
Fpx RFpx Mu Mn Vn v 

[kips] [kips] [k-ft] [k-ft] [kips] 

3 53.8 71.9  503  503  58  1.61  

2 53.8 71.9  503  507  59  1.63  

1 53.8 71.9  503  508  62  1.71  

2.3 Instrumentation  

The specimen was instrumented with five types of sensors (totaling 651) that 
measured accelerations, displacements or deformations, strains, and pressures. 
There were five different data acquisition systems (DAQ) with varying sampling 
rates that were post-processed to a common 240 samples per second. 
Accelerometers were placed throughout the specimen (on the diaphragm, the 
walls, the columns, etc.), mostly oriented in the direction of the shaking with 
some in the transverse and vertical directions. Four GPS antennas were used to 
monitor global displacement, while string potentiometers, linear voltage 
displacement transducers (LVDT), and linear potentiometers were used to 
measure relative displacements and deformations within the specimen.  Strain 
gauges were placed on critical reinforcement bars such as the chords, the ductile 
WWR, and the energy-dissipation bars. They were also placed on the concrete at 
the toes of one wall to monitor compressive strains.  Pressure transducers were 
used to measure the force in the post-tensioning tendons in the walls [1]. 

2.4 Test sequence 

The test sequence is listed in Table 3. As seen, the specimen was subjected to a 
series of ground motions of increasing intensity. The series included 16 strong 
ground motions, including the design-basis and maximum considered 
earthquakes for the site (Berkeley CA) to which the diaphragms were designed. 
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To represent low, moderate, and high seismicity areas, Knoxville (KN), Seattle 
(SE), and Berkeley (BK) were chosen as the locations from which the ground 
motions would be taken (see Fig. 2 for design and earthquake response spectrum 
for each site) 
 

 

Table 3:  Test sequence. 

# Test ID Site Date Intensity Init ial PT Major event/failure

1 KN-DBE 1 Knoxville 6-May-08 DBE 26% -

2 KN-DBE 2 Knoxville 6-May-08 DBE 26% -

3 KN-DBE 3 Knoxville 7-May-08 DBE 26% -

4 SE-DBE 1 Seatt le 21-May-08 DBE 35%

35%

35%

6 SE-DBE 3 Seatt le 12-Jun-08 DBE 35%

Chord fracture at 3rd

floor midspan &
buckling at 2nd floor

midspan

7 SE-DBE 4 Seattle 20-Jun-08 DBE 35% -

8 BK-DBE 1 Berkeley 20-Jun-08 DBE 35%
PT strand failure

initiation

9 BK-MCE 1 Berkeley 20-Jun-08 MCE 35%

PT full tendon
failure in the wall

resulting in fracture
of gravity system

connections

10 BK-EDB  1 Berkeley 14-Jul-08 60% DBE 50%
Wall connection

failure at  3rd floor

11 BK-EDB 2 Berkeley 16-Jul-08 60% DBE 50% -

12 BK-EMC 1 Berkeley 16-Jul-08 DBE 50%
Crack in DT at  3rd

floor wall
connection

13 BK-EMC 2 Berkeley 17-Jul-08 DBE 50%
Failure of sliders @

outrigger

14 BK-EDB 3 Berkeley 22-Jul-08 DBE 50%
Wall connection

failure at  2nd floor

15 BK-EMC 3 Berkeley 23-Jul-08 DBE 50%
Failure of sliders @

outrigger

16 BK-MCE * Berkeley 28-Jul-08 MCE 50%
Floor unseating

leading to partial
collapse of 3rd floor

Seatt le 12-Jun-08

Chord fracture at 3rd

floor midspan 
DBE5 SE-DBE 2

 
            Indicates successful test. 
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     Among these 16 tests with strong ground motions, nine tests were considered 
as successful tests without major structure damages or failures. This paper will 
primarily present four test (see bold rows in Table 4) results from these nine tests 
for each ground motion intensity level including: (1) Test 1: KN DBE 1 
representing KN DBE; (2) Test 7: SE DBE 4 representing SE DBE; (3) Test 8: 
BK DBE 1 representing BK DBE; and (4) Test 12: BK EMC 1 representing BK 
MCE. The 5% response spectrum for the four ground motions is shown in Fig. 2. 
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Figure 2: 5% response spectrum of ground motions. 

3 Test results 

In this section, the diaphragm global and local response is presented. Though the 
test was conducted at half scale, the response shown in this section is 
transformed into full scale. 
     Figure 3 shows the inertial force time histories of four different ground 
motion intensities in their entirety. The force is normalized by the design force  
RFpx shown in Tables 2 and 3. The bracketed section in each plot indicates the 
time of major ground motion shaking and will be the focus of all time histories 
hereafter. 
     Figure 4 shows the normalized inertial force time histories of four different 
ground motion intensities in the major shaking period (see Fig. 3). As seen, 
except for the low level earthquake: KN DBE (see Fig. 4(a)), the force demand 
in the diaphragm all exceeded the design strength (see Fig. 4(b)–(d)), which 
indicates the yielding of diaphragm during the earthquakes. The yielding of 
diaphragm is expected since the diaphragm is designed for RDO which allows 
inelastic response in both design basis and maximum considered earthquakes. 
The exceedance of the design force during the earthquake is caused by the strain 
hardening of the diaphragm reinforcement. 
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Figure 3: Diaphragm inertial force response, full history: (a) KN; (b) SE; 
(c) BK-DB; (d) BK-MC. 

 
 
     Figure 5 shows the midspan deformation time histories of four different 
ground motion intensities in the major shaking period (see Fig. 3). As seen, the 
maximum diaphragm deformation occurs at the top floor. The diaphragm 
deformation response for the three floors is not always in phase and sometimes is 
completely out-of-phase. This out-of-phase response is originated from the 
structural higher dynamic modes.  
     Figure 6 shows the diaphragm hysteresis response: normalized diaphragm 
forces vs. diaphragm midspan deformation for four different ground motion 
intensities. The diaphragm exhibits good ductility as the diaphragm strength does 
not degrade under large inelastic deformation demand. Also noticed, the 
diaphragm stiffness degrades with the yielding of the diaphragm especially for 
the 2nd and 3rd floor. 
     Figure 7 shows the inter-story drift time histories of four different ground 
motion intensities in the major shaking period (see Fig. 3). As seen, the inter-
story drift demand is amplified by the deformation of the diaphragm especially 
when the diaphragm yields. However, the maximum inter-story drift demand is 
still less than the current code requirement of 2% [5]. 
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Figure 4: Diaphragm inertial force: (a) KN; (b) SE; (c) BK-DB; (d) BK-MC. 
 

 

Figure 5: Diaphragm deformation: (a) KN; (b) SE; (c) BK-DB; (d) BK-MC. 
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Figure 6: Diaphragm hysteresis: (a) KN; (b) SE; (c) BK-DB; (d) BK-MC. 
 

 

Figure 7: Diaphragm interstory drift: (a) KN; (b) SE; (c) BK-DB; (d) BK-MC. 
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     Figure 8 shows the diaphragm midspan joint opening time histories of four 
different ground motion intensities in the major shaking period (see Fig. 3). The 
diaphragm joint opening is normalized by the yielding deformation of the 
diaphragm reinforcement. As seen, the diaphragm joint opening exceeds the 
yield deformation in all the earthquakes except for the low level earthquake: KN 
DBE. However, the maximum inelastic demand in the joint is less than the 
ductility capacity of HDE which is found as 10.0 in the diaphragm reinforcement 
test [6]. 
 

 

Figure 8: Diaphragm joint opening: (a) KN; (b) SE; (c) BK-DB; (d) BK-MC. 
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(1) The diaphragm yielded in flexure as expected for the RDO design. The 
inelastic opening demand in diaphragm reinforcement under MCE was 
within the allowable deformation of HD elements which indicates that the 
proposed diaphragm force amplification factor (R) is sufficient. 

(2) The inter-story drift is within the design limit (2%) even though it is 
amplified by the diaphragm inelastic deformation. 

(3) The top floor typically has largest diaphragm force and deformation 
demand. 

(4) The diaphragm response for different floors is not always in phase due to 
higher dynamic modes. 

(5) The diaphragm designed with RDO shows good ductility though 
significant inelastic response is observed during the earthquakes. 

(6) The diaphragm stiffness degrades with the increase of the diaphragm 
inelastic deformation response.  
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