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ABSTRACT: A common assumption made while analysing a building structure under
lateral loading, which is not subject to torsion, is that in-plane deformations along the
diaphragm length are constant. While this rigid diaphragm assumption may reduce the
computational effort involved in analysing a structure, the classifications included in
seismic codes of whether or not a diaphragm is flexible is questionable. Past earthquakes
and studies have shown that ignoring diaphragm flexibility effects can result in both
uneconomical designs and unsafe structures during an earthquake. This paper describes
analysis methods to quantify the change in structural response due to different amounts of
diaphragm flexibility. It is shown that one-storey structures are the most affected due to
diaphragm flexibility. A mechanics based approach is shown to be in good agreement
with the results from time-history analyses. A simple equation is proposed that can be
used to estimate the fundamental natural period of one-storey structures with flexible
diaphragms.

1 INTRODUCTION

The sophistication of structural modelling and structural analysis affects both the safety of the
structure and the design fee. For example, a reasonable representation of the likely seismic behaviour
of a structure may be obtained using a simple analysis method such as the Equivalent Static method
(NZS1170.5, 2004). However, to capture a more realistic behaviour of the structure, advanced
methods such as the Inelastic Dynamic Time-History Analysis of a 3D model of the structure may be
required. Also, in some cases it may be necessary to explicitly model the floor diaphragm stiffness in
order to obtain an adequate representation of the behaviour. For example, Clause 9.5.4.2 of ASCE 7-
98 (ASCE, 2000) Standard states, “Where the diaphragms are not rigid [according to the code
definition] compared to the vertical elements of the lateral-force-resisting system, the model should
include representation of the diaphragm’s flexibility and such additional dynamic degrees of freedom
as are required to account for the participation of the diaphragm in the structure’s dynamic
response.” This Standard, like many other codes, defines “rigid” to include diaphragms with limited
amounts of flexibility, as shown in Table 1. However, the background to this sudden rigid-flexible
change is questionable, and it does not have a strong theoretical background. It is also not clear how
structural responses would vary with different degrees of diaphragm flexibility within or outside of the
“rigid” range.

Table 1. Classification of diaphragms in seismic codes (e.g., IBC, 2003; NZS 1170.5, 2004)

Diaphragm type Condition
Flexible IPDgia max > 2 > I1SDyisr avg
Rigid |PDdia max < 2 x ISDvlfr avg

IPDgia max = maximum in-plane deflection of the diaphragm alone; ISDy ag = average
interstorey drift of the vertical lateral force resisting elements.
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Figure 1: Plan view of structure showing typical diaphragm behaviour under lateral loading.

Past earthquakes and studies (e.g., Jain, 1983; Kunnath et al., 1991; Saffarini and Qudaimat, 1992;
Tremblay and Stiemer, 1996; Fleischman et al., 2002; Sadashiva et al., 2011) have shown that
structures with flexible diaphragms can behave very differently than their equivalent rigid diaphragm
structures. The floor or roof (diaphragm) systems, in addition to supporting vertical gravity loads, play
a vital role in resisting and transferring horizontal loads to the appropriate vertical lateral force
resisting (VLFR) elements (e.g., frames and walls). The stiffness of the diaphragm affects the
distribution of the lateral forces into the VLFR elements. For a structure with a diaphragm having a
very high lateral stiffness, it is assumed that this rigid diaphragm distributes the horizontal forces to
the VLFR elements in proportion to their relative rigidities (Ry), as shown in Figure 1(a). Here, under
symmetrical in-plane loading, the rigid diaphragm will cause each VLFR element to deflect by an
equal amount, so the vertical elements with higher relative rigidity carry a greater proportion of the
lateral force than elements with lower rigidity. As shown in Figure 1(a), the rigid diaphragm
displacement alone, 84 rig, Will be negligible when compared to the displacement of the walls, S rig (=
Sew rig)- For a structure with a flexible diaphragm though, the diaphragm displacement, 3 fiex, Will be
comparable to the displacements of the supporting VLFR elements as shown in Figure 1(b). In this
flexible diaphragm case, the distribution of the horizontal forces to the VLFR elements is independent
of their relative stiffness. Instead, the flexible diaphragm distributes the lateral forces to the VLFR
elements on a tributary area basis. If rigid diaphragm behaviour is assumed for a structure with a
flexible diaphragm, it can result in certain VLFR elements to receive higher lateral forces than
expected. For example, the central wall in Figure 1(b) needs to carry an additional load of 0.6F (= F -
0.4F) compared to that in Figure 1(a) due to the rigid diaphragm assumption for the structure with a
flexible diaphragm. Ignoring diaphragm flexibility may also result in conservative designs. Studies on
flexible diaphragms (Kunnath et al., 1991; Tremblay and Stiemer, 1996; Nakaki, 2000; Sadashiva et
al., 2011) have shown that natural periods of structures with flexible diaphragms can be longer than
the periods of similar structures with rigid diaphragms. This means that certain structures with flexible
diaphragms may have their design base shears over-estimated if a rigid diaphragm assumption is
applied. While from the above examples it can be seen that flexibility of floor diaphragms can alter the
seismic response of structures in many ways, there is however no proper guidance available that
describes how structural responses vary with different levels of diaphragm flexibility. To answer this,
the authors initiated a study to quantify diaphragm flexibility effects (Sadashiva et al., 2011). A brief
summary of the work conducted is provided in this paper.



2 QUANTIFYING DIAPHRAGM FLEXIBLITY EFFECTS

2.1 Methodology involving Time-History Analysis

A methodology involving time-history analysis was developed to quantify diaphragm flexibility
effects (Sadashiva et al., 2011). Symmetrical multi-storey structures with different deformation types
and configurations were considered. The analysis methodology followed the steps shown in Figure 2
for a range of static flexibility ratio, ys. Equation 1 defines ys, where a rigid diaphragm was assumed to
have y; =0, and 0 <ys < 5 was used to represent flexible diaphragms. All the structures were modelled

‘ RIGID DIAPHRAGM STRUCTURE

Structural Design-

e Select a fundamental natural period of
the structure with rigid diaphragms, Tiig.

e Assuming uniform distribution of floor
masses and storey stiffness over the
structure height, iterate on total support
stiffnesses, until  Teg s
achieved.

Ktotal_su p>

Structural Modelling and Analysis-

e Model the supports
elements with Kigtal_sup-

using  spring
e Model the rigid diaphragms using beam
elements. Iterate on moment of inertia
of the rigid diaphragms until the target
Thig 1s obtained through modal analysis.

e Conduct dynamic time-history analysis
by subjecting the structures to a suite of]
earthquake ground motions.

e For each earthquake record, obtain peak
values of response parameters such as
in-plane displacement of the end walls,
Ow rig, total in-plane displacement at the
mid-span of structure, Stal_rig, mid-span
diaphragm bending moment, My g and
SO on.

FLEXIBLE DIAPHRAGM STRUCTURE
e |

Structural Design-

For each selected ys, follow the below steps:

e The total support storey stiffnesses calculated for
the rigid diaphragm case, Kial sup, 1S again used
for the supports.

e Assuming a realistic value for modulus of
elasticity for the diaphragm, Eg4, calculate the
diaphragm moment of inertia, lq fiex. For a single-
span diaphragm having length L, 14 ey is equal to
(Ktotal_sup ys) % (5L3/384 Eq).

*

Structural Modelling and Analysis-

e Model the supports using spring elements with:
Kiotal_sup and the diaphragms using beam elements
Wlth Id_ﬂex.

e Conduct dynamic time-history analysis by

subjecting the structures to the suite of earthquake
ground motions used for the rigid diaphragm case.

e Obtain the fundamental natural period of structure
with flexible diaphragms, Trex.

e For each earthquake record, obtain peak values of
response  parameters such as  in-plane
displacement of the end walls, O fiex, total in-
plane displacement at the mid-span of structure,
Ototal_flexs, mid-span diaphragm bending moment,
M _fiex and so on.

Evaluate Diaphragm Flexibility Effects-

Calculate non-dimensional demand parameters. Examples are:

® Tratio = Tflex/Trig

® Siotal_ratio = Ototal_flex/ Orotal_rig = Calculate median response ratio for the record suite.

Figure 2: Analysis methodology to evaluate diaphragm flexibility effects.



and analysed using SAP2000 (2007), and the steps shown in Figure 2 were systematically automated
using the batch mode option available within SAP2000 and in conjunction with MATLAB (2009). For
the dynamic analysis, a suite of 20 SAC (SAC, 2000) earthquake records was used. Further
information on the earthquake records can be found in Sadashiva et al. (2009).

Ys = (5d_f|ex/ 5w_f|ex) (1)

In Equation (1) above, ys = static flexibility ratio, &y fex = in-plane displacement of the flexible
diaphragm alone, dy fiex = in-plane wall displacement of the structure with the flexible diaphragm.

Figure 3 shows the effect of diaphragm flexibility on the fundamental natural periods of structures. It
shows that the flexible diaphragm structures always have greater periods than the structures with rigid
diaphragms. The figure shows that the increase in fundamental natural period (represented by Trato),
increases with s, irrespective of the rigid diaphragm structure period, Ty, used in the analysis.
Ignoring the increase in natural period due to diaphragm flexibility can therefore result in design base
shears getting over-estimated. This can result in uneconomical designs. The figure also shows that this
diaphragm flexibility effect can be expected to increase with decreasing structure height.

Ignoring diaphragm flexibility can underestimate displacement demands. For example, Figure 4 shows
the variation of increase in median peak total diaphragm displacement at mid-span, Stal_ratio, due to ys.
It shows that this diaphragm flexibility effect on diaphragm displacements increases with decreasing
Trig. Once again, the elastic one-storey structures are the most affected by diaphragm flexibility as
shown in the figure. The above observation was also found for other demand parameters (Sadashiva et

al., 2011).
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Figure 3: Diaphragm flexibility effect on structural natural period (nbs = number of storeys).
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Figure 4: Variation of median peak total diaphragm displacement at mid-span due to diaphragm flexibility.
2.2 A mechanics based approach

2.2.1 Expression for non-dimensional demand parameter - Sotar_ratio:

The continuous diaphragm between the lateral-force-resisting systems in Figure 1 is essentially a



three-dimensional member that may require a 3D finite element analysis to capture the true structural
behaviour (Chopra, 2000). However, for simplicity, it is common to model the diaphragm as a simply
supported beam with its total diaphragm mass, My, lumped at infinite nodal points along the
diaphragm length, L. Furthermore, this multi-degree-of-freedom (MDOF) diaphragm can be converted
into an equivalent lumped single-degree-of-freedom (SDOF) system (Sadashiva et al., 2011).

Consider a symmetrical one-storey high structure with its diaphragm resting on end supports (e.g.,
wall). For the rigid diaphragm case, as shown in Figure 1(a), the in-plane displacement along the
diaphragm length is nearly constant, and therefore, the total in-plane displacement at the diaphragm
mid-span, Swtal rig, €quals the displacement of the walls, dy rig. However, if the same structure has a
flexible diaphragm, the total in-plane displacement at the diaphragm mid-span, Srotal_fiex» Will be equal
to the summation of the wall displacement, dy fex, and the displacement of the diaphragm alone, g fiex.
Figure 5 shows the displacement components for the structure with a flexible diaphragm. The
diaphragm displacement at the centre of the mass, Oq fiex (spoF) 1 less than the peak displacement, 8y fiex
por), as shown (Sadashiva et al., 2011).

Stotal_flex (MDOF)
‘ g o
. ] e (4/17) 8y fiex (sDOF) d_flex (SDOF)

R 8d_flex (MDOF)

T | 6w_flex
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Figure 5: In-plane displacement components for a flexible diaphragm resting on end supports.

Applying Equation (1) to Figure 5(a), the total in-plane displacement of the structure with the MDOF
flexible diaphragm can be expressed by Equation (3).

Ve = (5totalﬂex(MDOF) - 5wﬂex] _ (5totalﬂex(MDOF) _ IJ (2)
5w7 flex 5w7 flex
5t0tal7 flex(MDOF) = (75 +1) * 5w7 flex (3)
From Figure 5(a);
Ototal _ flex(MDOF) = Ow _ flex + (%j@j _ flex (SDOF) “4)

Equating (3) and (4) gives Equation (6) for the wall displacement, &y fiex;

4
(rs +1-1)* Sy fiex = (;)%Jex(SDOF) )
4\( Sd  flex(SDOF
§W7flex = (_j (Lj (6)
T Vs

From Figure 5(b), the total in-plane displacement of the structure with the SDOF flexible diaphragm,
Stotal flex (sDOF), 1S given by Equation (7).

Stotal _flex(SDOF) = Ow_ flex TOd _ flex (SDOF) (7N

Using Equation (6) in (7) gives Equation (8) for Siotal_flexspor)-

4 j[% _ flex(SDOF)

Stotal _ flex(SDOF) = (_ y
S

- j+5d flex (SDOF) )]



Rearranging the above equation gives Equation (9) for in-plane displacement of the SDOF flexible
diaphragm alone, 8y fiex (spoF).-

Stotal _ flex (SDOF)
04 flex(SDOF) = ’—4 ©)
Vs

Equation (9) is used in Equation (6) and solved for the in-plane displacement of the end walls
supporting the flexible diaphragm, Oy, fiex, giving Equation (10).

4
Sw_ flex = (ﬂ_y+4j*§total flex (SDOF) (10)

The change in total in-plane displacement at mid-span due to diaphragm flexibility, Siwotal_ratio, 1S
calculated as shown in Figure 2. It is re-written below.
5tota|  flex (1 1)

Stotal _ratio <= 5
total _rig

In the above equation, Sital_flex 1S €quivalent to Siotal flex (vpor) 1 Figure 5(a). Substituting Sital rig = Ow rig
for the structure with the rigid diaphragm, Equation (11) is rearranged to get Equation (12).

1) )
§total _ratio T [ . fex +§ g Tor(MDOP) J (12)
w_rig
Applying Equation (1) in (12);
Stotal _ratio = [ §W7 fleg‘+ s §W7 flex J (1 3)
W rig
Using Equation (10) in (13) above, Sital_raiic can be derived to obtain Equation (14).
Sl ratio = 44475, |( Stotal  flex(SDOF) (14)
7s; +4 5w7 rig

2.2.2 Methodology involving Response Spectra Analysis:

The change in the total diaphragm mid-span displacement, given by Equation (14), can be calculated
for different amounts of diaphragm flexibility. The steps shown in Figures 6 and 7 are applied on the
critical one-storey structure (Sadashiva et al., 2011).

Steps for rigid diaphragm structure-

e Assuming that the displacement along the diaphragm length is constant, lump the total diaphrag
mass, Mg, to obtain a SDOF structure.

e For the desired natural period, Tyig:

Calculate the total lateral support stiffness, Kiotal sup = Mg * (21/ T.rig)2
e Conduct Response Spectra Analyses using the earthquake suite, B 1

and fOI‘ eaCh l’eCOI’d Obtaln 8w_rig = Sd(Trig) = 8{0ta|_rig.

Trig >T

Displacement spectra

Figure 6: Mechanics based approach to quantify diaphragm flexibility effects — Rigid diaphragm case.



Steps for flexible diaphragm structure- For each ys and T selected:

e Model the structure as a 2DOF system — lump the effective first mode diaphragm modal mass a
the centre of the flexible diaphragm (M, = 8 my L/x%), and lump the remaining diaphragm mass a
the diaphragm end (M; = Mg — M,).

e Provide the supports with lateral stiffness of K; (= Kiota_syp from rigid diaphragm case) and the
diaphragm with stiftness of K, = (32 Kiotal_sup /Ys n3).

o Calculate the circular natural frequencies (wy) and mode shapes (¢) for both the modes (k = 1,2):

1/2 1
2
o =LKty Ko U KEK Ko 1 (2K K 1 and g = K,
Mool My My T2l My My MM, —
k

e For each k™ mode of vibration, calculate: generalised mass, My = {¢}" [M] {d}, generalise
excitation, Ly = {¢}" [M] {1; 1}, and participation factor, [\ = L,/ M.

e From the response spectra for each record, obtain the spectral displacements, Sq(Tfiex «)-

e Calculate the peak deflections for each mode, Ok = I'c % Sy(Tiex k)

e The contribution of the second mode is negligible, therefore use only the first mode to obtain th
modal displacements, {Ux=1} = {¢x=1} X Ow=1. This gives the demand parameters: O fiex an

8total_f|ex(SDOF)-

Evaluate diaphragm flexibility effects- Calculate non-dimensional demand parameters:

® Tratio = Tflex/Trig

® Siotal_ratio = [(4 + 4 ¥s)/ (s + 4) X (Stotal_flexspor)/ Ow rig)] => Calculate median response ratio for the
record suite.

Figure 7: Mechanics based approach to quantify diaphragm flexibility effects — Flexible diaphragm case.

Figure 8 shows the effect of diaphragm flexibility on fundamental natural period and total in-plane
mid-span displacement using the above closed-form approach. The figure also shows the results
obtained from SAP modelling and analysis involving time-history analyses. It is evident from the
figure that the results due to the mechanics based approach are in very good agreement with the SAP
results. Based on Figure 8(a), Equation (15) is developed to estimate the fundamental natural period of
one-storey structure with different diaphragm flexibilities. While the equation is applicable for one-
storey structures, similar period calculating equations can be developed for multi-storey structures. In
addition, conservative equations to estimate the likely increase in total mid-span displacements can
also be developed (Sadashiva et al., 2011).

Thex = (1 +0.26 % 'Ys) X Trig (15)
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Figure 8: Diaphragm flexibility effects on one-storey structures (SAP Closed-form — = = - )



3 CONCLUSIONS

Building structures are commonly analysed assuming that their floor and roof diaphragms are rigid if
certain code conditions on diaphragm flexibility are satisfied. However, the criteria set out in many
seismic codes are questionable, as they are not based on a strong theoretical background. In order to
address this issue, a study was initiated to quantify diaphragm flexibility effects. A brief summary of
the work conducted was presented in this paper. Highlights of this work are given below.

1. A method to quantify the change in structural response due to different amounts of diaphragm
flexibility was described using time history analysis.

2. It was shown that one-storey structures are the most affected due to diaphragm flexibility.

3. A mechanics based method to quantify diaphragm flexibility effects was described. It was
shown that this method produced very similar results to those obtained using the method
involving time-history analysis.

4. Relations linking the degree of diaphragm flexibility and the change in structural response can
be developed. As an example, a simple equation was proposed to estimate the likely increase in
fundamental natural period of one-storey structures with flexible diaphragms.
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