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Abstract  The results obtained from the analysis of 

twenty-eight structural models allowed quantifying the 

impact of diaphragm condition on the global seismic 

response of reinforced concrete buildings. Scenarios with 

and without diaphragm rigidity were compared, 

considering three key variables: lateral drift, base shear, 

and overturning moment. The modeled structures 

correspond to five-story buildings with three-meter inter 

story heights and plan geometries with aspect ratios 

ranging from one to four. Regular configurations showed 

drift differences below 1 %, while irregular configurations 

exhibited variations of up to 6.83 %. Base shear increased 

by up to 2.62 %, and overturning moment by up to 4.65 % 

when diaphragm flexibility was considered. These results 

show that geometric rigidity directly influences inter story 

deformation and, consequently, the distribution of internal 

forces. In addition, two complementary methodologies 

were applied to classify diaphragm behavior: a visual 

approach based on the interpretation of modal shapes, and 

a quantitative approach based on the calculation of average 

relative error. Both methods yielded fully consistent 

classifications across all models, validating the robustness 

of the proposed criterion and demonstrating its 

applicability to identify rigid or flexible diaphragms based 

on modal response, without the need for lateral loading. 

This methodology can be directly implemented in 

structural modeling platforms, enabling a more accurate 

characterization of the seismic behavior of buildings with 

complex geometries. A precise classification of diaphragm 

behavior is essential for realistic seismic analysis and safe 

structural design. However, current engineering practice 

lacks standardized technical or quantitative criteria to 

support this modeling decision. The proposed 5% 

threshold proved effective for identifying deformable 

diaphragms in structures with irregular mass or stiffness 

distributions. This contribution offers a structured and 

replicable tool for seismic evaluation, helping to avoid 

oversimplifications in modeling. Its application within 

commercial platforms can enhance the dynamic 

characterization of buildings with complex geometries, 

ultimately contributing to more reliable and safer structural 

designs. 

Keywords  Rigid Diaphragm, Flexible Diaphragm, 

Reinforced Concrete, Structural Modeling, Code-Based 

Criteria, Seismic Response 

 

1. Introduction 

Currently, the use of structural analysis software such as 

ETABS, SAP2000, and Robot Structural Analysis has 

acquired a central role in the seismic design of buildings, 

enabling a more accurate representation of the dynamic 

behavior of complex structures. However, the proper 
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modeling of horizontal elements such as diaphragms 

remains a critical area of study, as their rigidity or 

flexibility can significantly alter the internal distribution of 

forces [1]. 

In the Peruvian context, where buildings are located in 

areas of very high seismic hazard, accurately representing 

the diaphragm’s behavior is essential to ensure structural 

safety. Nevertheless, the Peruvian Technical Building 

Code E.030 allows modeling the floor slab as a rigid 

diaphragm but does not provide a quantitative criterion to 

determine when this condition should apply [2]. This 

regulatory ambiguity introduces uncertainty in structural 

analysis, particularly in buildings with irregular geometries 

or high aspect ratios. 

Traditionally, slabs are assumed to act as monolithic 

rigid diaphragms, simplifying the analysis by enforcing 

equal in-plane displacements. However, recent studies 

have shown that this assumption is not always valid, 

especially in structures with “C”, “L”, or “T” 

configurations, where stress concentrations and differential 

deformations arise, altering load paths and leading to more 

flexible behavior than expected [3]. 

National research has shown that misclassifying 

diaphragms can lead to significant errors in the estimation 

of drifts and internal forces, affecting compliance with the 

limits established by seismic design codes and 

compromising structural safety during strong earthquakes 

[1]. Moreover, it has been documented that modeling slabs 

as flexible, compared to rigid representations, produces 

notable differences in modal analysis results and in the 

location of maximum demands on beams and columns [3]. 

Given this scenario, it becomes essential to develop 

objective tools that assess diaphragm behavior based on 

dynamic response, rather than relying solely on geometric 

criteria or traditional design assumptions. Some proposals 

have introduced quantitative thresholds based on the 

dispersion of modal displacements or on comparative 

analysis of internal forces in models with and without 

diaphragm constraints [4]. 

In Peru, the use of numerical criteria for diaphragm 

classification is still limited, prompting various studies 

aimed at addressing this regulatory gap. These include the 

use of seismic instrumentation, numerical simulations, and 

parametric analyses to evaluate the influence of diaphragm 

flexibility in reinforced concrete buildings [3], [4]. In 

particular, the impact of diaphragm modeling becomes 

more pronounced in structures with large spans, plan 

irregularities, or configurations that disrupt the balance 

between stiffness and mass. 

Within this context, the present research proposes an 

objective procedure for classifying rigid and flexible 

diaphragms, based on modal analysis of buildings with 

diverse geometric configurations. Unlike previous 

approaches that rely on geometric criteria or designer 

assumptions, this methodology quantitatively evaluates the 

dispersion of modal displacements without applying lateral 

loads. Its relevance lies in improving the accuracy of 

structural modeling and providing a technical foundation 

for the eventual incorporation of a specific code-based 

criterion, in line with recent national developments. 

2. Literature Review 

In India, the study Analysis of a Structure with 

Diaphragm Irregularities: A Review revealed that 

discontinuities or openings within slabs generate critical 

stress concentrations that could compromise structural 

safety [5]. Additionally, the research titled Influence of 

Discontinuous Diaphragm Characteristics on the Seismic 

Behavior of Irregular RC Structure Using ETABS 

highlighted that cross-shaped and rectangular 

configurations directly influence global stability, showing 

that rectangular floor plans exhibit smaller lateral 

displacements and greater structural stability in highly 

seismic zones [6]. Likewise, the Study on the Seismic 

Response of G+9 Structures with Frameless, Stepped, and 

Plaza-Type Diaphragms for Zone V concluded that the use 

of rigid diaphragms reduces displacements by up to 

one-third compared to more flexible configurations [7]. On 

the other hand, the investigation Progressive Collapse of a 

Regular Reinforced Concrete Structure Considering Slab 

Flexibility Under Gravity and Wind Loads demonstrated 

that the lateral capacity of a building could triple when 

flexible slabs are considered [8]. Furthermore, the study 

Effect of Diaphragm Discontinuity on the Seismic 

Response of Reinforced Concrete showed that, if modeled 

correctly, the introduction of slab openings can optimize 

functional conditions such as ventilation without 

compromising seismic performance [9]. Similarly, Seismic 

Analysis of High-Rise Building Structures Considering 

Flat and Grid Slabs: A Review compared flat and waffle 

slabs, emphasizing the need for appropriate diaphragm 

type selection based on the structural system [10]. Finally, 

the study Seismic Effect of Rigid Floor Diaphragm 

concluded that buildings with shear walls benefit more 

from the rigidity assumption, while those without shear 

walls may exhibit similar behavior regardless of the 

diaphragm type assumed [11]. 

In China, Hunan University proposed a Simplified 

Method to Evaluate Diaphragm Flexibility in Shear Wall 

and Frame Structures Under Seismic Loading, where 

buildings with 3, 6, and 12 stories were modeled. The 

results revealed that diaphragm flexibility increases both 

the fundamental period and lateral drifts, particularly in 

low-rise buildings [12]. In parallel, the New Discrete 

Diaphragm System for High-Rise Modular Concrete 

Buildings, implemented in a 40-story tower in Hong Kong, 

demonstrated that full slab continuity is not always 

necessary to achieve efficient structural behavior [13]. 

In Indonesia, the study Analysis of Diaphragm Force in 

Reinforced Concrete Buildings with Horizontal 
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Irregularities emphasized that diaphragm geometry (I, T, L, 

and O shaped configurations) significantly influences the 

distribution of reinforcement and shear stresses [14]. 

Moreover, Rigid, Semi-Rigid, and Flexible Diaphragms 

for Horizontally Asymmetric Buildings showed that 

diaphragm flexibility substantially alters modal shapes and 

the distribution of internal forces in seismic environments 

[15]. 

In Japan, the investigation Influence of Diaphragm 

Flexibility on the Response Modification Factor reported 

that variations in system ductility and period directly affect 

the seismic reduction factor value, thereby altering 

code-based design requirements [16]. 

In Iran, in collaboration with Mexico, the study Proper 

Configuration of Stiffness and Strength Centers in 

One-Story Asymmetric Structures with Semi-Flexible 

Diaphragms highlighted that diaphragm flexibility impacts 

rotation and interstory displacements in asymmetric 

buildings, proposing optimal distributions for stiffness and 

strength centers [17]. 

In Turkey, An Approach for Modeling Accidental 

Eccentricity in Symmetrical Buildings with Semi-Rigid 

Diaphragms recorded torsional irregularity increases 

ranging from 3.06% to 7.11% [18]. Likewise, the study 

Effects of Using Rigid Diaphragms in the Dynamic 

Analysis of High-Rise Buildings According to TBSC 2018 

warned of errors in internal force distribution when full 

rigidity is assumed in structures with interstory stiffness 

variation [19]. 

In Pakistan, the study Seismic Assessment of the Effects 

of Plan Asymmetry in Old Infilled Frame Buildings 

revealed that irregular placement of infill walls increases 

structural vulnerability and alters displacement distribution, 

highlighting the interaction between these elements and the 

diaphragm [20]. 

In Europe, the joint study conducted in Italy and Serbia 

titled Acceleration Demands in One-Story Reinforced 

Concrete Buildings with Flexible Diaphragms revealed 

that slab flexibility shifts the peak floor accelerations (PFA) 

and alters the response spectra (RS), leading to empirical 

proposals for the design of non-structural components [21]. 

From Portugal, the research Influence and Effectiveness of 

Horizontal Diaphragms and Wall Cladding Panels on the 

Seismic Performance of Precast Reinforced Concrete 

Industrial Buildings concluded that cladding panels 

significantly contribute to lateral stiffness and strength, 

enhancing the diaphragm system's performance [22]. 

In Germany, the study Rigid or Flexible? A Numerical 

Investigation on the In-Plane Behavior of CLT Floor 

Diaphragms analyzed the importance of floor-to-wall 

connections and wall separation distances as key variables 

for classifying diaphragm stiffness [23]. Meanwhile, in 

Greece, Modeling of Floor Diaphragm Action in 

Multi-Story Buildings warned that oversimplifying 

diaphragm stiffness may induce significant errors in load 

distribution, suggesting the adoption of more 

representative two-dimensional models [24]. 

In Russia, the study Modeling of Precast Hollowcore 

Concrete Slab Diaphragms with Tie Beams Under Seismic 

Action examined the interaction between precast 

components and tie beams, emphasizing the need for 

detailed modeling to accurately assess diaphragm behavior 

[25]. 

In Latin America, the Universidad Autónoma 

Metropolitana Azcapotzalco in Mexico conducted the 

study Impact of Diaphragm Flexibility on Dynamic 

Properties and Seismic Design Parameters of Irregular 

Buildings in Plan, which reported increases of up to 3.4 

times in lateral displacements and a 66.7% reduction in 

stiffness when diaphragm flexibility is considered [26]. 

From the United States, the study Inelastic Seismic 

Response of Reinforced Concrete Buildings with 

Symmetric and Asymmetric Floor Diaphragm Openings 

underscored the importance of considering diaphragm 

inelastic deformations when estimating global seismic 

demands [27]. In parallel, the Stringer-Panel Model to 

Support the Seismic Design and Response Verification of 

Building Diaphragms, developed by the University of 

California at San Diego, improved the representation of 

horizontal force transfer in tall structures [28]. Subsequent 

studies, such as Evaluating Different Diaphragm Design 

Procedures Using Nonlinear 3D Computational Models, 

validated the interaction between vertical inelasticities and 

diaphragm flexibility through nonlinear three-dimensional 

models [29]. 

In Colombia, the study Diaphragm Stiffness in Precast 

Concrete Buildings Supported by Reinforced Concrete 

Walls found flexibility indices greater than 0.5 in slabs of 

five-story buildings, challenging the validity of assuming 

full rigidity in precast structures [30]. 

From Chile, it was reported that neglecting both 

diaphragm flexibility and the axial stiffness of collector 

beams induces errors in the distribution of lateral loads 

among shear walls, in agreement with findings from other 

seismically active regions [31]. 

Finally, in Peru, several studies have highlighted the 

need to update the Technical Standard E.030 due to its 

limitations in assuming fully rigid diaphragms. Recent 

research has warned that this assumption is not valid for 

buildings with irregular or extensive geometries, proposing 

quantitative criteria such as the modal relative error to 

support diaphragm classification [1], [3], [4]. 

3. Materials and Methods 

In this study, theoretical concepts and numerical 

modeling tools were employed to evaluate reinforced 

concrete buildings, establishing diaphragm rigidity or 

flexibility as the independent variable, and the distribution 

of seismic forces and structural deformations as the 

dependent variables. The objective is to propose clear 
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criteria for the identification of rigid or flexible diaphragms 

in seismic-resistant design. 

3.1. Seismic Parameters and Code-Based Criteria for 

Structural Analysis 

The seismic parameters considered for the dynamic 

evaluation of the structures were defined in accordance 

with the provisions of the Peruvian Technical Building 

Code E.030 [2]. The project is located in Seismic Zone 4, 

corresponding to a region of very high seismic hazard, 

associated with a zoning factor of Z = 0.45. The soil type 

considered is S1, representative of Rock or Very Stiff Soils, 

with shear wave velocities ranging from 500 m/s to 

1500 m/s and assigned a soil factor of S = 1.0. Regarding 

building occupancy, a Use Category C was assumed, 

corresponding to standard occupancy buildings, which 

implies a use factor of U = 1.0. 

The seismic amplification coefficient (C), which defines 

the shape of the elastic design spectrum, was determined 

based on the fundamental period of the structure and the 

soil characteristics. 

According to the same code, the estimation of lateral 

displacements is adjusted using correction factors that 

depend on the type of structural analysis and the regularity 

of the building. For regular structures, the factor 0.75R is 

applied, and for irregular structures, 0.85R, where R is the 

seismic reduction factor that allows the reduction of elastic 

forces by considering the energy dissipation capacity of the 

structural system. In this study, a value of R=8.00 was 

adopted, corresponding to a structural system composed of 

reinforced concrete moment-resisting frames. These 

correction factors allow for the approximation of nonlinear 

behavior without the need for complex models and are 

useful for verifying that structural drifts remain within the 

permissible limits established by the code. As a reference 

framework, a single representative design spectrum was 

used to estimate maximum displacements through modal 

analysis, considering various geometric configurations and 

diaphragm stiffness levels, as shown in Figure 1. 

3.2. Structural Configuration, Materials, and Case 

Studies 

A total of 28 building models with different floor plan 

configurations were analyzed, each considering two 

diaphragm conditions: rigid and flexible. Each model 

represents a typical five-story reinforced concrete structure 

with a uniform interstory height of 3 meters. To facilitate 

comparative analysis and model identification, specific 

labels were assigned by combining the model number with 

the diaphragm type: R for rigid and F for flexible, as shown 

in Table 1. 

The structural configuration includes beams, columns, 

and reinforced concrete slabs. The beams have a 

cross-section of 30 cm × 60 cm, the columns are square 

with dimensions of 60 cm × 60 cm, and the slabs have a 

uniform thickness of 15 cm. The spacing between column 

axes is uniform in both orthogonal directions (X and Y), 

with 6.00 meters. 

The materials comply with current design codes, using 

concrete with a specified compressive strength 𝑓’𝑐 and 

reinforcing steel with a yield strength fy, both in 

accordance with standard design practices. Table 2 

summarizes the mechanical properties of these materials. 

In ETABS modeling, frame elements were used for beams 

and columns, while the slabs were simulated using shell 

elements. 

Figure 1.  Spectrum used to estimate maximum displacements in regular and irregular structures 
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Table 1.  Identification of models according to diaphragm condition 

Model Rigid diaphragm Flexible diaphragm 

1 M1-R M1-F 

2 M2-R M2-F 

3 M3-R M3-F 

4 M4-R M4-F 

5 M5-R M5-F 

6 M6-R M6-F 

7 M7-R M7-F 

8 M8-R M8-F 

9 M9-R M9-F 

10 M10-R M10-F 

11 M11-R M11-F 

12 M12-R M12-F 

13 M13-R M13-F 

14 M14-R M14-F 

15 M15-R M15-F 

16 M16-R M16-F 

17 M17-R M17-F 

18 M18-R M18-F 

19 M19-R M19-F 

20 M20-R M20-F 

21 M21-R M21-F 

22 M22-R M22-F 

23 M23-R M23-F 

24 M24-R M24-F 

25 M25-R M25-F 

26 M26-R M26-F 

27 M27-R M27-F 

28 M28-R M28-R 

Table 2.  Mechanical properties of materials 

Material Property Value 

Concrete f'c 280 kg/cm² 

Reinforcing steel fy 4200 kg/cm² 

Figure 2 presents the plan view of the studied 

configurations, highlighting the differences in the 

distribution of structural elements and emphasizing how 

each layout influences the stiffness and flexibility 

characteristics of the diaphragms. 

The models selected for this study are inspired by 

classical structural configurations that still prevail in 

contemporary buildings around the world, particularly in 

shopping centers and institutional facilities. These layouts 

represent schemes commonly used in professional practice 

due to their structural efficiency, ease of construction, and 

functional adaptability. Figure 3 shows the reference 

structural plans on which the studied geometric 

configurations were based, allowing for a representative 

analysis of the actual behavior of rigid and flexible 

diaphragms under varying conditions of continuity and the 

distribution of structural elements. 

3.3. Diaphragm Classification Criteria 

The approach to diaphragm classification is based on the 

integration of criteria from various international 
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regulations, allowing for the distinction between rigid and 

flexible behavior in structural elements. In the United 

States, ASCE 7-16 [32] evaluates rigidity based on the 

span-to-depth ratio and relative deflections, while in 

Mexico, NTC [33] prioritizes lateral deformations and 

geometric configuration. In Argentina, geometric 

parameters and limits proposed in INPRES-CIRSOC 103 

[34] are used, whereas in Colombia, NSR-10 [35] 

compares horizontal deflections with interstory drift. In 

Europe, both Spain’s EHE-08 [36] and Eurocode 8 [37] 

analyze rigidity based on geometric proportions and 

relative displacements. In India, IS 1893 [38] determines 

flexibility through the evaluation of slab displacements and 

drifts. 

a. Model 1 b. Model 2 c. Model 3 d. Model 4

e. Model 5 f. Model 6 g. Model 7 h. Model 8

i. Model 9 j. Model 10 k. Model 11 l. Model 12

m. Model 13 n. Model 14 o. Model 15 p. Model 16
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q. Model 17 r. Model 18 s. Model 19 t. Model 20

u. Model 21 v. Model 22 w. Model 23 x. Model 24

y. Model 25 z. Model 26  aa. Model 27  bb. Model 28 

Figure 2.  Plan view of the geometric configurations designed to evaluate the behavior of rigid and flexible diaphragms 

a. Hospital b. Housing c. Hotel

Figure 3.  Representative geometric configurations used in structural modeling for the analysis of rigid and flexible diaphragms 
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Additionally, standards such as COVENIN 1756 [39], 

FEMA 273 [40], and UBC 1994 [41] contribute criteria 

related to deflection, shear stress distribution, and torsional 

moments in irregular configurations. 

This comparative review, complemented by the general 

provisions of Norma E.030 [2] which allows for the use of 

rigid or flexible diaphragms without establishing specific 

criteria provides a comprehensive framework for 

diaphragm classification based on slab geometry, lateral 

displacements, and overall seismic performance of the 

structure. In this context, Figure 4 illustrates a 

representative example of a rigid diaphragm, while Figure 

5 shows a typical configuration of a flexible diaphragm, 

clearly highlighting the structural behavior differences 

resulting from variability in the distribution and stiffness of 

the system. 

Figure 4.  Rigid diaphragm [42] 

Figure 5.  Flexible diaphragm [42] 

3.4. Procedures for the Rigid–Flexible Evaluation of 

Diaphragms 

With the purpose of establishing a technical and 

verifiable procedure to differentiate between rigid and 

flexible diaphragms in reinforced concrete buildings, two 

complementary approaches were developed. Each follows 

a distinct analytical logic: the first relies on modal 

displacements, while the second is based on the response to 

seismic forces. Both approaches can be implemented in 

platforms such as ETABS without the need for external 

tools. 

3.4.1. Visual Assessment of Diaphragmatic Behavior 

The qualitative criterion is based on the visual 

evaluation of the vibration modes obtained from the 

structural model with a flexible diaphragm, aiming to 

identify in-plane deformations that reflect the actual 

behavior of the floor slab. The selection of modes to be 

analyzed is not restricted to a specific order and is left to 

the engineer’s judgment, who must consider those that best 

reveal the interaction between diaphragm stiffness and 

global dynamic response. 

The evaluation focuses on the distribution of horizontal 

displacements across the slab, paying particular attention 

to representative nodes located at corners, edges, and the 

central zone. This review allows for determining whether 

the diaphragm moves uniformly or exhibits relevant 

geometric distortions. 

1) The diaphragm is classified as rigid when nodes

displace coherently, preserving their relative

geometry and exhibiting a uniform or rotational

motion with respect to the center of mass.

2) Conversely, it is classified as flexible when the

selected vibration modes reveal noticeable

differences between distant nodes, internal twisting,

or loss of parallelism, indicating significant in-plane

deformations in the slab.

This approach is especially useful during the preliminary 

stages of structural analysis, as it allows identifying 

potential diaphragm flexibility without applying lateral 

loads, which is particularly relevant for buildings with 

irregular geometries or large floor plans. 

3.4.2. Comparison of Structural Response UNDER 

Seismic Loading 

To establish a quantitative criterion for classifying 

diaphragm behavior, a methodology is proposed that 

compares the structural response between two models. One 

assumes the floor slab as a rigid diaphragm, while the other 

considers it as flexible. Both are analyzed under the same 

seismic action using the response spectrum method, 

allowing for an evaluation of the diaphragm stiffness effect 

under equivalent loading conditions. 
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The floor slabs are discretized using a 100 x 100 cm 

mesh, providing a balance between accuracy and 

computational efficiency. Control points are defined along 

corners and edges, with a minimum of four points in 

regular floor plans and additional points depending on the 

slab’s geometry. At each of these locations, either 

horizontal displacements or representative internal forces 

are extracted, depending on the variable selected for the 

analysis. 

The relative error at each point is calculated by 

comparing the results from the flexible and rigid 

diaphragm models. This difference is expressed by the 

following equation: 

, ,

,

X Xflex i rigid i
i

X flex i



      (1) 

Where 𝑋flex, y Xrigid,i represent the displacement or 

internal force at control point i obtained from the flexible 

and rigid models, respectively. The average relative error is 

then computed as: 

1

1

n

avg i
n

i

 



              (2) 

A classification threshold of εavg<0.05 is adopted, 

indicating that the relative difference between both models 

is sufficiently small to validate the rigid diaphragm 

assumption. When this condition is met, it is concluded 

that diaphragm stiffness does not significantly alter the 

structural response. 

This methodology enables a robust assessment of 

diaphragm behavior at both local and global levels and can 

be directly implemented in structural modeling platforms. 

3.5. Validation of the Diaphragm Comparison 

Approach 

To verify the consistency and applicability of the 

proposed classification procedure, a validation was 

conducted using Model M1. This model represents a 

three-story reinforced concrete structure with a square and 

regular floor plan, making it suitable for isolating the 

effects of diaphragm stiffness without interference from 

geometric or mass irregularities. 

Two structurally equivalent versions of Model M1 were 

analyzed. In the first version, the slabs were modeled as 

rigid diaphragms; in the second, flexible diaphragm 

behavior was considered by allowing in-plane deformation. 

Both models shared the same material properties, member 

dimensions, boundary conditions, and seismic input, 

ensuring that differences in response were attributable 

solely to the diaphragm modeling assumption. 

The comparison focused on global response parameters 

such as average lateral drift, total base shear, and 

overturning moment. Additionally, the average relative 

error was calculated at control points distributed across 

corners, edges, and interior regions, following the 

methodology presented in Section 3.4.2. This error 

quantifies the difference in displacements or internal forces 

between rigid and flexible diaphragm assumptions and 

serves as the basis for classification. 

The results are summarized in Table 3. All global 

variables exhibited differences below 3%, and the average 

relative error remained under the 5% threshold defined as 

the classification criterion. These findings confirm that 

Model M1 exhibits behavior consistent with a rigid 

diaphragm and validate the proposed methodology. 

This validation supports the robustness and replicability 

of the procedure for diaphragm classification in reinforced 

concrete buildings and reinforces its potential use in both 

design and regulatory contexts. 

Table 3.  Comparison between Model M1 with rigid and flexible diaphragm assumptions, based on global response variables and quantitative 
classification criterion 

Response Variable M1 - Rigid M1 - Flexible Variation (%) Variable Type 

Max lateral drift 0.00587 0.00588 +0.17 % Global 

Total base shear (tonf) 2955.09 2954.57 −0.02 % Global 

Overturning moment (tonf-m) 31376.24 31369.48 −0.02 % Global 

Average relative error (m) 0.064658 0.064577 −0.13 % Classification criterion (Section 3.4.2) 
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4. Results

The study conducted on twenty-eight structural models 

made it possible to evaluate the effect of rigid or flexible 

diaphragm conditions on the seismic response of 

reinforced concrete buildings with various geometric 

configurations. The comparison between both scenarios is 

considered representative variables of global structural 

behavior, such as average lateral drift, base shear, and 

overturning moment. These variables were selected for 

their ability to highlight significant differences in the 

distribution of displacements and internal forces, as well as 

to quantify the degree of diaphragm stiffness or flexibility. 

The results obtained validated the applicability of the 

proposed diaphragm classification criterion, demonstrating 

its sensitivity to geometric variations and boundary 

conditions. 

4.1. Lateral Drift 

In regular configurations, such as those represented by 

models M1, M2, and M3, the differences in drift between 

rigid and flexible diaphragm conditions were below 1%. 

However, in models with geometric irregularities, such as 

L, C, and T shaped configurations, relative increases in 

drift of up to 6.83% were observed when diaphragm 

flexibility was considered. This variation highlights the 

decisive role of geometry in the global deformation of the 

structure. The comparative distribution of drifts for all 

models is shown in Figure 6. 

As shown in Figure 6, average lateral drift exhibits 

minimal differences between rigid and flexible diaphragm 

conditions in regular configurations, such as Model M1. In 

contrast, irregular configurations particularly Model M14 

demonstrate a noticeable increase in drift when diaphragm 

flexibility is considered, especially in the Y direction. This 

behavior highlights the influence of diaphragm 

deformability on the global structural response. 

Furthermore, the results align with the classification 

determined by the proposed criterion, reinforcing its 

effectiveness in detecting flexible behavior in irregular 

floor systems. 

4.2. Shear Force 

The models analyzed with flexible diaphragms showed 

an increase of up to 2.62% in base shear compared to their 

rigid diaphragm counterparts. This phenomenon is 

attributed to the redistribution of internal forces caused by 

in-plane slab deformation, which alters the load transfer 

path toward the vertical elements. Figure 7 presents a 

comparative summary of this behavior across the different 

structural configurations. 

Figure 8 shows that, in model M14 with a flexible 

diaphragm, the overturning moment exhibits a notable 

variation compared to the rigid condition, in both the X and 

Y directions. This difference reflects the influence of 

in-plane floor deformation, which alters the distribution of 

seismic loads and leads to higher demands at the 

extremities. The observed response is consistent with the 

redistribution of base shear evidenced in Figure 7, 

reaffirming that flexible diaphragm behavior significantly 

affects the global seismic demand in buildings with 

irregular geometries. 

4.3. Overturning Moment 

In the case of the overturning moment, the models with 

flexible diaphragms showed an increase of up to 4.65% 

compared to their rigid diaphragm counterparts, replicating 

the behavior observed in base shear. This difference is 

attributed to the redistribution of internal forces caused by 

in-plane slab deformation, which alters the load transfer 

path toward the vertical elements. 

It is important to note that these results are derived from 

a linear-elastic analysis, in which material properties were 

assumed to be linear; therefore, the observed variations are 

strictly due to geometric effects and the diaphragm 

condition. Figure 8 provides a comparative summary of 

these results for the different structural configurations, 

highlighting how the diaphragm rigidity assumption 

influences the estimation of global seismic demand. 

The results in Figure 8 reveal that diaphragm flexibility 

also contributes to variations in overturning moment, 

especially in buildings with non-uniform mass or stiffness 

distributions. This variation arises from internal force 

redistribution caused by in-plane slab deformations, which 

modifies the interaction between horizontal and vertical 

structural elements. 

4.4. Classification of Diaphragmatic Behavior 

To validate the proposed criterion for distinguishing 

between rigid and flexible diaphragms in reinforced 

concrete buildings, two complementary methodologies 

were applied to the twenty-eight structural models 

developed. The first was a qualitative assessment based on 

the observation of modal shapes obtained from the analysis, 

while the second was quantitative in nature, relying on the 

calculation of the average relative error between models 

with and without rigid diaphragms. Both approaches 

enabled the identification of configurations exhibiting 

rigid-body behavior or significant differential 

deformations associated with diaphragm flexibility. 
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a. Direction X b. Direction Y

Figure 6.  Comparison of drifts between models with rigid and flexible diaphragms 
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a. Direction X b. Direction Y

Figure 7.  Comparison of shear force between models with rigid and flexible diaphragms 
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a. Direction X b. Direction Y

Figure 8.  Comparison of overturning moment between models with rigid and flexible diaphragms 
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4.4.1. Visual Classification Based on Modal Shapes 

The visual methodology consisted of evaluating the 

relative displacements of the floor slab observed in the 

higher vibration modes. A model was classified as 

exhibiting rigid behavior if the slab displayed uniform 

displacement similar to a solid block without noticeable 

distortions between its corners and edges. In contrast, when 

differential deformations, asymmetries, or in-plane 

rotations were observed, the behavior was classified as 

flexible. 

As an example, model M1, corresponding to a regular 

rectangular floor plan, exhibited uniform modal 

displacements at all levels and was therefore classified as 

rigid. In contrast, model M14, which represents an “I” 

shaped configuration with branches of different lengths, 

showed differential deformation between opposite ends of 

the floor, justifying its classification as flexible. This 

pattern was repeated in similar configurations with aspect 

ratios greater than 2 or with notable discontinuities. 

These criteria were systematically applied to all models, 

allowing for an initial qualitative classification based 

solely on the modal response of the structural system. 

Figure 9 visually illustrates this comparison between 

models M1 and M14. 

It can be observed that in the case of model M1, the 

modal deformations corresponding to modes 8, 9, 10, and 

11 are practically uniform, indicating that the floor slab 

moves as a unit, like a solid block. In contrast, model M14 

exhibits differential deformations in the same modes, 

showing torsion and in-plane distortions in the slab that 

clearly reflect flexible behavior. This difference in modal 

response supports the classification assigned to each 

configuration. 

The procedure described was systematically applied to 

all 28 structural models and served as the basis for the 

qualitative classification of diaphragms as either rigid or 

flexible. 

             

a. Model 1 – Mode 8                                     b. Model 1 – Mode 10 

         

c. Model 14 – Mode 8                            d. Model 14 – Mode 10 

Figure 9.  Modal shapes with flexible diaphragm in models M1 and M14 
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          a. Model 1 – Mode 8                                b. Model 1 – Mode 10 

            

               c. Model 14 – Mode 8                              d. Model 14 – Mode 10 

Figure 10.  Modal shapes with rigid diaphragm in models M1 and M14 

Had a rigid diaphragm been assumed from the beginning, 

the modal displacements would resemble those shown in 

Figure 10, where the floor slab moves as a solid block with 

no internal deformations, regardless of the geometric 

configuration. This behavior is consistent with model M1, 

in which, even when diaphragm rigidity is assigned, the 

deformations follow a uniform pattern compatible with a 

rigid block. However, in model M14, applying a rigid 

diaphragm artificially eliminates the differential 

deformations that were originally present, masking the 

actual behavior of the structure. For this reason, assuming 

full rigidity is not valid in all cases especially when 

geometric irregularities are present, as demonstrated by the 

comparison performed. 

4.4.2. Quantitative Classification through Force 

Comparison 

The second approach applied was quantitative in nature 

and consisted of comparing internal forces obtained at 

strategically distributed control points between the flexible 

diaphragm models and their rigid diaphragm counterparts. 

The classification criterion was based on the value of the 

average relative error: if it was less than or equal to the 5% 

threshold, the diaphragm behavior was considered rigid; 

otherwise, it was classified as flexible. 

This procedure made it possible to detect differences in 

force distribution that were not visually apparent, 

providing an objective tool for evaluating diaphragmatic 

behavior. For example, model M1, with a regular geometry, 

was classified as rigid, while model M14, with an “I” 

shaped configuration, was classified as flexible according 

to the adopted threshold. 

In addition to the classification criterion, relevant 

percentage variations were identified in the structural 

response when rigidity was imposed. In model M1, the 

change was approximately 4.21%, whereas in model M14, 
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it reached around 9.42%, indicating a significant alteration 

in force distribution. 

These differences demonstrate that assuming diaphragm 

rigidity without prior verification can introduce 

considerable uncertainty in structural design, especially in 

buildings with complex geometric configurations. 

Figures 11 and 12 comparatively show the distribution 

of internal forces in models M1 and M14 under flexible 

and rigid diaphragm conditions, respectively. 

    

a. Model 1 – Direction X                                            b. Model 1 – Direction Y 

     

c. Model 14 – Direction X                                         d. Model 14 – Direction Y 

Figure 11.  Distribution of internal forces for models M1 and M14 with flexible diaphragm 
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a. Model 1 – Direction X                                               b. Model 1 – Direction Y 

      

c. Model 14 – Direction X                                             d. Model 14 – Direction Y 

Figure 12.  Distribution of internal forces for models M1 and M14 with rigid diaphragm 

4.4.3. Comparison between Classification Methodologies 

The comparison between the visual and quantitative 

approaches revealed complete agreement in the 

classification of diaphragmatic behavior. All twenty-eight 

structural models evaluated were consistently classified by 

both methodologies, which supports the robustness and 

reliability of the proposed criterion. 

This result demonstrates that visual evaluation, based on 

the interpretation of modal shapes, can serve as a valid and 

efficient tool in contexts where a preliminary assessment of 

diaphragm behavior is required. Meanwhile, the 

quantitative approach based on comparing internal forces 

using relative error enables this classification to be 

validated with greater numerical precision, thereby 

establishing a comprehensive and replicable methodology. 

Table 4 presents the final classification of the 

twenty-eight structural models, indicating whether the 

diaphragm behavior was categorized as rigid or flexible 

according to both approaches. The complete agreement 

between the two methods reinforces the practical 
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applicability of the proposed procedure as a verification 

tool in seismic design projects. 

Table 4.  Final Classification of Diaphragmatic Behavior of the 
Structural Models 

Model Diaphragm 

1 Rigid 

2 Rigid 

3 Flexible 

4 Rigid 

5 Rigid 

6 Flexible 

7 Flexible 

8 Flexible 

9 Flexible 

10 Flexible 

11 Flexible 

12 Flexible 

13 Flexible 

14 Flexible 

15 Flexible 

16 Flexible 

17 Flexible 

18 Flexible 

19 Rigid 

20 Flexible 

21 Flexible 

22 Flexible 

23 Flexible 

24 Flexible 

25 Flexible 

26 Flexible 

27 Flexible 

28 Flexible 

5. Discussion 

The results obtained validate the effectiveness of the 

proposed procedure when compared with findings from 

previous research conducted in various international 

contexts [7], identified that buildings with re-entrant 

corners and irregular geometries exhibit diaphragmatic 

deformations that alter the distribution of internal forces. 

This aligns with the observations made in models M14 and 

M20 in the present study, where relative errors exceeded 

7%, classifying those diaphragms as flexible [10]. It is 

concluded that diaphragm flexibility increases both the 

fundamental period and lateral drifts, especially in low-rise 

buildings. Although the approach adopted in this study was 

primarily modal, an increase in average displacements was 

observed at levels with flexible diaphragms, even in 

five-story models, thereby supporting the validity of the 

quantitative criterion applied [6]. It is reported that lateral 

displacements can increase by up to 3.4 times and overall 

stiffness can decrease by as much as 66.7% when 

diaphragm flexibility is considered. Although the increases 

in this study were more moderate reaching up to 28% the 

observed trend is consistent and demonstrates that the 

proposed modal dispersion criterion effectively captures 

these differences from the early stages of structural 

analysis. 

Regarding the regulatory framework, the review of 

international codes confirms the absence of a unified 

technical criterion for diaphragm classification. While 

documents such as ASCE 7-16, Eurocode 8, NSR-10, and 

the Peruvian E.030 rely on geometric or proportional 

criteria, the procedure proposed in this research is based on 

verifiable modal results, offering an objective and 

reproducible alternative to empirical methods, which warn 

that incorrectly assuming full rigidity can lead to 

significant deviations in seismic design parameters [4], [8]. 

In the present study, clear differences were identified in the 

distribution of shear forces and overturning moments, 

confirming that the diaphragm type selection directly 

affects both global and local seismic demands. 

Altogether, the comparison with international literature 

and current standards supports the validity, usefulness, and 

applicability of the proposed procedure for the seismic 

analysis of reinforced concrete buildings especially those 

with irregular geometries. Its implementation represents a 

step forward toward more realistic and accurate structural 

models. 

Among the twenty-eight models analyzed, Model M1, 

which features a regular square configuration, 

demonstrated the most consistent structural performance. It 

exhibited minimal differences in lateral drift, base shear, 

and overturning moment when comparing rigid and 

flexible diaphragm assumptions. In addition, the modal 

analysis revealed uniform displacement patterns, and the 

average relative error remained well below the established 

5% threshold. These characteristics confirm its 

classification as rigid and validate its use as a reference 

model for diaphragm behavior evaluation in buildings with 

regular geometries. 

6. Conclusions 

This study proposed a methodological approach for the 

classification of diaphragmatic behavior in reinforced 

concrete buildings, integrating two complementary 

procedures: a visual evaluation based on the qualitative 

interpretation of modal displacement patterns, and a 
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quantitative evaluation supported by the comparison of 

internal forces between models with contrasting diaphragm 

stiffness conditions. 

Both methodologies were applied to a representative set 

of structural models, revealing that visual evaluation 

enables agile preliminary classification, useful in 

exploratory analysis stages, while the quantitative 

evaluation based on the calculation of average and 

maximum relative errors provides technical objectivity and 

precision for structural verification. In buildings with 

regular geometries, for example, model M1 errors 

remained below 5%, validating the rigidity assumption. In 

contrast, in models with irregular configurations or 

re-entrant corners such as M22 and M23, errors exceeded 

7%, confirming flexible behavior. 

The observed differences affected not only 

displacements but also key variables such as shear 

distribution, overturning moments, and demands on 

vertical elements, all of which have direct implications for 

seismic design. The comparison with international studies 

and current technical codes confirms that assuming rigidity 

without verification can result in overestimation of 

capacity and underestimation of demand, especially in 

seismically active regions. 

The proposed approach also stands out for its 

computational efficiency: by relying on modal analysis and 

avoiding static lateral loads or nonlinear procedures, it is 

practical and applicable during preliminary design phases 

and for large scale structural assessments. Its clear 

structure and compatibility with widely used tools such as 

ETABS make it suitable for both professional and 

academic settings. 

Overall, this research provides a concrete technical tool 

to improve diaphragm representation in structural models, 

reduce seismic uncertainty, and strengthen the design of 

reinforced concrete buildings. Future research is 

recommended to focus on experimental validation, 

extension to nonlinear three-dimensional models, and 

integration into performance-based assessment 

methodologies such as fragility curves or seismic resilience 

criteria. Likewise, its potential inclusion as a 

complementary guideline in future revisions of Peru’s 

Technical Standard E.030 reinforces its relevance and 

regulatory applicability. 
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