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Executive Summary 

The main purpose of this report is to create a validation book for Extreme Loading® for Structures (ELS) 
software and the Applied Element Method for users to use in case it was required by them to verify to 
third party the accuracy of the numerical analysis method in Blast, Progressive Collapse, and seismic 
analysis for reinforced concrete, structural steel, and masonry structures.   

The validation examples in the document are built with the concept of comparing ELS software 
analytical results to experimental data that was performed by reputable universities. The reference for 
each experiment can be found in the reference section after each example. 

 

Keywords: Buildings; computational model; computer simulation; Extreme Loading for Structures; ELS; 
design standards; disproportionate collapse; progressive collapse; finite element analysis; FEM; applied 
element analysis; AEM; reinforced concrete structures; structural robustness; testing. 
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1. Blast Analysis: 

1.1. Reinforced Concrete Column 

1.1.1. Experimental Data 

Figure 1 shows a reinforced concrete column constructed by University of California, San Diego. The 
column chosen for this example is Test #3. The reinforced concrete column is 14” x 14” with 8#8 vertical 
bars and #3 hoops spaced at a distance of 12.75” o.c. (REF1). Testing was conducted at the Blast 
Simulator at the University of California, San Diego (UCSD Blast Simulator), which uses a high-speed 
hydraulic system to apply blast-like loads to a wide variety of structural components and materials as 
shown in Figure 2. Table 1 shows the blast simulator data applied on the Test#3 column. Figure 3 shows 
the equivalent time history blast pressure that was generated based on the blast simulator data. Table 2 
shows the material properties of concrete and reinforcement bars. 

 

Figure 1 Reinforced Concrete Column 
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Figure 2 Test#3 Blast Simulator 

Table 1 Equivalent Blast Pressure 
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Figure 3 Equivalent Pressure Time History  

Table 2: Material Properties  

Material Property Value 

Concrete 
Compressive Strength  5 ksi 

Tensile Strength 0.15 ksi 

Reinforcement  
Tensile Yield Strength 60 ksi 

Ultimate tensile Strength 75 ksi 
Rupture Strain 15% 

Interface Material Compressive Strength  5 ksi 
 Tensile Strength 0.15 ksi 
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1.1.2. ELS Model 

Figure 4 shows the ELS model for the reinforced concrete column. For columns under blast loads with 
expectations of debris generated from the damaged object, ASI recommends modeling the 
reinforcement bars and stirrups as solid elements. In this case, the user has to define some interface 
materials between different materials inside the ELS model. Table 3 shows the different materials 
assigned between different materials inside the column. The column is meshed with solid elements 
48(H) x 8(W) x 8 (D). Each vertical bar is meshed with solid elements 125 along the height. Each hoop is 
meshed with solid elements 30 elements along the length of each branch. The total number of elements 
in the model is 7754 solid elements.  

 

Figure 4 ELS Model for Reinforced concrete Column 

Table 3: Interface material between different objects  

Material 1 Material 2 Interface Material 
Concrete Reinforcement (Vertical & Trans.) Concrete 

Reinforcement (Vertical) Reinforcement (Trans.) Compression Only 
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1.1.3. Loading and Boundary Conditions 

Figure 5 Pressure Applied on ELS Model shows the loading applied to the front face of the column. The 
load is applied as a pressure time history on the elements equivalent to the applied area in the 
experiment. The load applied on a region covering the area of the column subjected to the impulsive 
load. There is no axial load applied on the column. The top block and the bottom of the column is 
restraint in translation and rotation.  

 

Figure 5 Pressure Applied on ELS Model 

1.1.4. Material Models 

For blast analysis, ASI recommends the use of “User defined material models” for modeling concrete 
and reinforcement bars. This is recommended to be able to apply automatic strain rate effect and to 
include the fracture energy in tension and compression for all materials. For more information about 
user defined material model, refer to ELS user defined material manual available through ASI portal 
website. Portal.appliedscienceint.com 

Figure 6 shows screen shots for concrete material properties assigned to concrete material while Figure 
7 shows screen shots for steel material properties assigned to steel material.  

https://portal.appliedscienceint.com/
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Figure 6 Material properties for Concrete  

 

Figure 7 Material properties for Steel Reinforcement  

 

 



ELS Validation Book   
Non-Linear Structural Analysis  
 

 

©2024 Applied Science International, LLC. Reproduction of this document in any form without prior written 
authorization from Applied Science International, LLC is prohibited. 

www.appliedscienceint.com | www.extremeloading.com 
Page 14 of 77 

 

1.1.5. Analysis Results 

The applied pressure load caused a shear failure in the top and bottom of the column as shown in Figure 
8. The results show a very comparison between the experimental results and the ELS results in terms of 
cracking and shear failure. shows the deflection time history for the column. Figure 9 shows the 
displacement time history of an element in the middle of the column. Table 4 shows a comparison 
between experimental results and ELS results in terms of deflection residual deformation.  

 

Figure 8 Behavior of Reinforced concrete column under blast pressure load  

Time = 6ms
Time = 14.4ms
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Figure 9 Maximum Displacement of an element at the mid height of the column  

Table 4: Analysis results comparison  

Item EXP ELS 
Maximum Deflection 2” @14.4 ms 1.97” @19ms 
Residual Deflection 0.4” 0.2” 
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1.2. Structural Steel Column 

1.2.1. Experimental Data 

Figure 10 shows a structural steel column constructed by Dept. of Civil Engineering, McMaster Univ., 
Hamilton, ON, Canada [Ref2]. The column chosen for this example is C1. The steel column is W150x24 
with a clear height of 2413mm. The column has a yield strength of 470 MPa and ultimate strength of 
537 MPa. The column has an axial load of 270 KN and it was subjected to a blast load of 250 kg TNT at a 
stand of distance of 7.00m. Table 5 shows maximum pressure and duration for the blast loads on the 
structural steel column.  

 

  

Figure 10 Structural steel column W150x24 

Table 5: Blast Pressure Data   

Maximum Pressure 4.283 N/mm2 
Duration 2.1 ms 
Impulse 0.00317 ((N/mm2) x sec 
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1.2.2. ELS Model 

Figure 1Figure 11shows the ELS model for W150x24 structural steel column. The column is meshed with 
solid elements for both flanges and webs of 101(H) x 7(W) x 1 (D) leading to 1717 total solid elements. 
Thin section correction factor was assigned to the material of the steel column to avoid shear locking 
effect. 

 

Figure 11 ELS Model for W150x24 Steel Column 

1.2.3. Loading and Boundary Conditions 

Figure 5 Pressure Applied on ELS Model shows the loading applied to the front face of the column. The 
load is applied as a pressure time history on the elements equivalent to the applied area in the 
experiment. The load applied on a region covering the area of the column subjected to the impulsive 
load. There is a constant axial load of 270 KN applied on top column. The axial load is applied as a static 
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concentrated load in the first stage of loading. The top element of the column is restrained in translation 
in X and Y direction and free to translate in Z direction and in all rotations.  

 

Figure 12 Pressure Applied on ELS Model 

1.2.4. Material Models 

For blast analysis, ASI recommends the use of “User defined material models” for modeling structural 
steel. This is recommended to be able to apply automatic strain rate effect and to include the fracture 
energy in tension and compression for all materials. The material model used in the analysis steel 
material model with von-mises failure criteria with modified fracture energy as failure action. For more 
information about user defined material model, refer to ELS user defined material manual available 
through ASI portal website. Portal.appliedscienceint.com 

Figure 13 shows screen shots for steel material properties assigned to steel material.  

https://portal.appliedscienceint.com/
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Figure 13 Material properties for steel used in ELS Model 

1.2.5. Analysis Results 

The applied pressure load caused yielding in tension at the back flange of the column. And yielding in 
compression in the front flange of the column. Figure 14 shows the stresses in the Z direction. Figure 15 
shows a comparison between the experimental results and ELS results in terms of deflection along the 
height of the column. Figure 16 shows a comparison between EXP and ELS results in terms of maximum 
strain.  
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Figure 14 Behavior of Structural Steel Column  

 

Figure 15 Comparison between EXP. And ELS Results in term of deflection 

0

10

20

30

40

50

60

70

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00 1.10

M
id

 S
pa

n 
De

fle
c�

on
 (m

m
.)

X/L

EXP

ELS



ELS Validation Book   
Non-Linear Structural Analysis  
 

 

©2024 Applied Science International, LLC. Reproduction of this document in any form without prior written 
authorization from Applied Science International, LLC is prohibited. 

www.appliedscienceint.com | www.extremeloading.com 
Page 21 of 77 

 

 

Figure 16 Comparison between EXP and ELS results in terms of Normal Strain 
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2. Progressive Collapse Analysis: 

2.1. Reinforced Concrete Frame 

2.1.1. Experimental Data 

2.1.1.1. Geometry and Reinforcement Details 

Figure 17 shows a four-bay, three-story, one-third scale model representing a segment of a larger planar 
frame structure was tested. Concrete dimensions and Reinforcement details are shown in Figure 18. 
More information can be found in [Ref. 3]. 

 

Figure 17 One third small scale model for a Reinforced Concrete Frame 



ELS Validation Book   
Non-Linear Structural Analysis  
 

 

©2024 Applied Science International, LLC. Reproduction of this document in any form without prior written 
authorization from Applied Science International, LLC is prohibited. 

www.appliedscienceint.com | www.extremeloading.com 
Page 23 of 77 

 

 

Figure 18 Concrete Dimensions and Reinforcement Details. 

2.1.1.2. Loading Setup 

A constant vertical load of 109 KN was applied to the top of the middle column by a servo-hydraulic 
actuator to simulate the gravity load of the upper floors. Initially, the load applied by the servo-hydraulic 
actuator was transmitted to the lower jack through the middle column. Then the step-by-step unloading 
process was initiated by lowering the mechanical jacks, in a displacement-controlled manner, to 
artificially simulate the gradual failure of the lower story column. 

2.1.2. Analysis Model for Progressive collapse 

2.1.2.1. ELS Model 

Figure 19 shows the ELS model for the structure where the structure is modeled using solid 3D 
elements. All the reinforcement details have been taken into consideration. In this model, the 
reinforcement was modeled as springs between each element. Figure 20 shows the reinforcement 
details in the ELS. 
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Figure 19 ELS Model Geometry and Dimension 

 

Figure 20 ELS Model Reinforcement Details  
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2.1.2.2. Material Properties & Material Models 

The material model used for concrete material is mohr-coulomb failure criteria while the steel material 
is von-mises failure criteria. For more information about material models, refer to ELS theoretical 
manual available through ASI portal website. Portal.appliedscienceint.com. Figure 21Figure 13 shows 
screen shots for steel material properties assigned to steel material.  

 

Figure 21 Material properties used in ELS Model 

2.1.2.3. Loading 

To simulate the loading setup adopted by this experiment, two loading stages were applied to the 
model. The first loading stage is a static loading case having a lumped mass of 109KN applied on the top 
of the middle column where is loading was applied on a loading increment of 10. The second stage is 
also a static loading case, where the middle column was removed from the analysis and was replaced by 
applying a displacement loading increment of 450mm on a 2000 loading increment. Figure 22 shows the 
loading setup adopted by stage (1) from the analysis while Figure 23 shows the loading setup adopted 
by stage (2). 

 

https://portal.appliedscienceint.com/
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Figure 22 Loading Setup Stage (1) 

 

Figure 23 Loading Setup Stage (2) 
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2.1.3. Results and Discussion 

The main purpose of the experiment was to observe the force-deformation response in the simulated 
failed column.  

2.1.3.1. Force-Displacement relationship of falling column. 

The main purpose of the experiment was to observe the force-deformation response in the 
simulated failed column. Figure 24 shows the force versus downward displacement relationship of the 
lower middle column obtained from the experimental results compared to the results obtained from the 
ELS analytical results.  

 

Figure 24 Middle Column Load Versus Unloading Displacement of Failed Column 
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In the detailed results of the Experimental test, the force displacement relationship of the failing 
column was discussed by subdividing the load displacement curve into segments. Figure 25 shows the 
detailed results of the Experiment versus ELS analytical results where Point (A) represent the Elastic 
state, point (B) represent the beginning of the elasto-plastic state, point (C) represent the beginning of 
the plastic hinge mechanism formation, point (D) represent the beginning of the centenary action 
formation and finally point (E) represent the collapse state. 

 

Figure 25 Comparison between Experimental data and ELS model  

As shown in Figure 25, Section AB is the elastic stage where the displacement of middle column was 
about 5mm. Section BC is the elasto-plastic which is the start of the inelastic state. By the end of this 
stage it was noted that most of the steel reinforcement had yielded at the end of the frame beams 
adjacent to the removed column in other words, it is the development of the plastic hinge in the 
removed beams. Figure 26 shows the strain contours obtained in the ELS representing the formation of 
the plastic hinge in the model.  
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Figure 26 Location of Plastic Hinges forced in ELS at Point C  

 

Figure 27 Concrete Crushing by the End of Stage (CD) 
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By the end of CD stage, it was observed a concrete crushing occurred as shown in Figure 27. Also the 
tension cracks penetrated through the compression zone indicating the formation of the centenary 
mechanism in the beams as shown in Fig. (12) which represent the relation between the unloading 
displacement and the normal force inside the beams adjacent to the removed column.  

 

Figure 28 Relation between Unloading Displacement and Normal Force in Beams 

At point E, The experimental data showed that the steel bars at the end of the beam has ruptured 
causing sudden increase in the force indicating the collapse of the frame. This can be seen in Fig. (13) in 
the ELS model.  

 

Figure 29 Rapture of Reinforcement Bars 
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2.1.3.2. Horizontal displacement of frame column 

The relation between the horizontal displacement of the first-floor column and the unloading 
displacement of the middle column in shown in Figure 30 where the column moved outward during 
the initial unloading stage until the displacement reached 140mm. During this stage, an arch action 
formed in the beams adjacent to the middle column. When the displacement of the middle column 
exceeds 100 to 140mm, the adjacent column began moving towards the middle column indicating 
the formation of the centenary action. 

 

Figure 30 Horizontal Displacement of first floor column and unloading displacement.  
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2.2. Reinforced Concrete Beam 

2.2.1. Experimental Data 

2.2.1.1. Geometry and Reinforcement Details 

Figure 31 shows concrete dimensions and reinforcement details of a beam and column joint connection 
typical to intermediate moment frame (IMF). More information about the test conducted by National 
Institute of Science and Technology (NIST) in [Ref. 4] 

 

Figure 31 Typical Moment Frame (IMF) Connection  
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2.2.1.2. Loading Setup 

Figure 32 shows the loading setup of the IMF connection. The load was applied under displacement 
control. The top of the two end columns were restrained from horizontal movement by a two-roller 
fixture. The out of plane movement was restrained by four steel channels fixed to the reaction wall. 

 

Figure 32 Loading Setup for IMF Connection 

2.2.2. Analysis Model for Progressive collapse 

2.2.2.1. ELS Models 

Figure 33 shows the ELS model for the structure where the structure is modeled using solid 3D 
elements. All the reinforcement details have been taken into consideration. In this model, the 
reinforcement in the model was modeled as 1D spring. Figure 34 shows the reinforcement details in the 
ELS.  
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Figure 33 ELS Model for the IMF Connection 

 

Figure 34 ELS Model Reinforcement Details 
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2.2.2.2. Material Properties  

For this example, the “User defined material models” for modeling concrete and reinforcement bars has 
been used into the analysis. For the concrete material it was observed that the confinement effect has 
very big contribution in enhancing the post peak behavior. The confinement effect exisit inside ELS by 
applying the user defined material. Regular material models don’t include this capability. For the steel 
model used with the reinforcement bars, the user defined material model to include the bar bending 
effect feature to be able to capture the reduced shear stiffness of the reinforcement bars while using 
rigid elements in the analysis. For more information about user defined material model, refer to ELS 
user defined material manual available through ASI portal website. Portal.appliedscienceint.com. Figure 
35 shows screen shots for concrete material properties assigned to concrete material while Figure 36 
shows screen shots for steel material properties assigned to steel material.  

 

Figure 35 Material properties assigned to concrete material. 

 

https://portal.appliedscienceint.com/
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Figure 36 Material properties assigned to steel material. 

2.2.2.3. Loading and Boundary conditions 

The first stage of loading is a static stage where the structure’s own weight is being applied on the 
structure. The second stage is also a static loading case, where the middle column was removed from 
the analysis and was replaced by applying a displacement loading increment of 60mm on a 4000 loading 
increment. Figure 37 shows the loading setup and the boundary conditions in the ELS model.  

 

Figure 37 Loading setup and Boundary Conditions 
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2.2.3. Results and Discussion 

The main purpose of this report is to show the capabilities of ELS software to accurately capture the 
non-linear behavior of reinforced concrete structures during progressive collapse. In this model, the 
reinforcement bars are modeled using 1D spring between the element’s surfaces. There is an 
assumption of full bond between the concrete and the reinforcement.  

2.2.3.1. Force-Displacement relationship of falling column. 

Figure 38 shows the force versus displacement relationship of the center column obtained from the 
experimental results compared to the results obtained from the ELS analytical results.   

 

Figure 38 Load deformation curve comparison between Experimental and ELS results. 
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2.2.3.2. Cracks 

Figure 39 shows a comparison between the experimental cracks and the tension principal strain 
contours. The tension principal strain contours are very good indication for the cracks.  Figure 40 shows 
the location of the raptured bar in the experiment in comparison with the ELS analytical results.  

 

Figure 39 Cracking comparison between Experimental and ELS results. 
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Figure 40 Reinforcement bar rapture comparison between Experimental and ELS results. 

 

2.3. Reinforced Concrete Slab 

2.3.1. Experimental Data 

2.3.1.1. Geometry and Reinforcement Details 

Figure 41 shows concrete dimensions and reinforcement details of a reinforced concrete flat-plate 
subjected to exterior column removal scenarios. The flat plate is 88.9mm thick. Three tests have been 
conducted in this experiment where an exterior column is removed under different loading conditions 
under dynamic loading.  More information about the test conducted by University of Missouri Colombia 
[Ref. 5] 
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Figure 41 Geometry and reinforcement details for the tested slab  

2.3.1.2. Loading Setup 

Figure 42 shows the loading setup of the flat-plate system under exterior column removal scenario. 
There tested has been performed on this flat plate system. The difference between the three tests is in 
amount of additional loads applied on the slab.  Table 6 shows the different loads applied on the flat 
plate at each test. 
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Figure 42 Loading Setup for flat plate under exterior column removal (Drop 2) 

 

Figure 43 Additional Loads map for flat plate under exterior column removal  
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Table 6: Additional loads on flat-plate system  

Test Number 
Area A 

(KN/m2) 
Area B 

(KN/m2) 
1 4.83 11.4 
2 7.18 16.2 
3 9.86 7.66 

 

2.3.2. Analysis Model for Progressive collapse 

2.3.2.1. ELS Models 

Figure 44 shows the ELS model for the flat plate system used in the analysis. All the reinforcement 
details have been taken into consideration. In this model, the reinforcement in the model was modeled 
as 1D spring. Figure 45 shows the reinforcement details in the ELS.  

 

 

 

Figure 44 ELS Model for flat plate system  
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Figure 45 Reinforcement Details in ELS Model for flat plate system  

2.3.2.2. Material Properties  

For this example, the “User defined material models” for modeling concrete and reinforcement bars has 
been used into the analysis. For the steel model used with the reinforcement bars, the user defined 
material model to include the bar bending effect feature to be able to capture the reduced shear 
stiffness of the reinforcement bars while using rigid elements in the analysis. For more information 
about user defined material model, refer to ELS user defined material manual available through ASI 
portal website. Portal.appliedscienceint.com. Figure 46 shows screen shots for concrete material 
properties assigned to concrete material while Figure 47 shows screen shots for steel material 
properties assigned to steel material.  

https://portal.appliedscienceint.com/
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Figure 46 Material properties assigned to concrete material. 

 

Figure 47 Material properties assigned to steel material. 
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2.3.2.3. Loading and Boundary conditions 

The first stage of loading is a static stage where the structure’s own weight is being applied on the 
structure. The second stage is a dynamic loading case, where the exterior middle column was removed 
from the analysis with a time step of 0.001 sec. Note that the added loads on the flat plate was assigned 
as an additional specific weight on the material where each loading case from the three loading cases is 
assigned a different specific weight.  

2.3.3. Results and Discussion 

The main purpose of this report is to show the capabilities of ELS software to accurately capture the 
non-linear behavior of reinforced concrete structures during progressive collapse. In this model, the 
reinforcement bars are modeled using 1D spring between the element’s surfaces. There is an 
assumption of full bond between the concrete and the reinforcement.  

2.3.3.1. Maximum deformations VS time 

Figure 48 shows a comparison between experimental results and ELS results in terms of displacement 
obtained from the three drops. It is clearly visible that ELS was able to get the same peak displacement 
at each drop. There are some differences in terms of rebounding after the peak. The authors believe 
that this difference is coming from the way the experiment was performed compared to ELS. In the 
experiment, after each test the slab was raised to the original position. This means that at the 2nd drop, 
the slab was already cracked from the first drop. This setup was hard to perform with ELS. In ELS, every 
drop is independent from the period drop.   



ELS Validation Book   
Non-Linear Structural Analysis  
 

 

©2024 Applied Science International, LLC. Reproduction of this document in any form without prior written 
authorization from Applied Science International, LLC is prohibited. 

www.appliedscienceint.com | www.extremeloading.com 
Page 46 of 77 

 

 

Figure 48 Comparison between ELS results and experimental results in term of vertical 

displacement  

2.3.3.2. Cracks 

Figure 66shows a comparison between the experimental cracks and the tension principal strain 
contours. The tension principal strain contours are very good indication for the cracks.   

 

Figure 49 Cracking comparison between Experimental and ELS results. 
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2.4. Structural Steel Beam with RBS Connection 

2.4.1. Experimental Data 

2.4.1.1. Geometry and Connection Details 

Figure 50 shows dimensions and cross sections of steel beams, columns and beam to column joint 
connection typical to steel moment frame with RBS Connections. More information about the test 
conducted by National Institute of Science and Technology (NIST) in [Ref. 5] 

 

Figure 50 Typical Moment Frame (RBS) Connection  

 

2.4.1.2. Loading Setup 

Figure 51 shows the loading setup of the moment resisting frame with RBS connection. The load was 
applied under displacement control. The out of plane movement was restrained by four steel channels 
fixed to the reaction wall. 
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Figure 51 Loading Setup for Moment Resisting Frame with RBS Connection 

2.4.2. Analysis Model for Progressive collapse 

2.4.2.1. ELS Models 

Figure 52 shows the ELS model for the structure where the structure is modeled using solid 3D 
elements. In this model, the bracing of the columns is modeled with a group as 1D spring. Figure 53 
shows the RBS connection in the ELS.  
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Figure 52 ELS Model for the Steel Moment Frame with RBS Connection 

 

Figure 53 RBS connection Model 



ELS Validation Book   
Non-Linear Structural Analysis  
 

 

©2024 Applied Science International, LLC. Reproduction of this document in any form without prior written 
authorization from Applied Science International, LLC is prohibited. 

www.appliedscienceint.com | www.extremeloading.com 
Page 50 of 77 

 

2.4.2.2. Material Properties  

For this example, the “User defined material models” for modeling the steel beams has been used into 
the analysis. For more information about user defined material model, refer to ELS user defined material 
manual available through ASI portal website. Portal.appliedscienceint.com. Figure 54 shows screen shots 
for steel material properties assigned to steel material.  

 

Figure 54 Material properties assigned to steel material. 

2.4.2.3. Loading and Boundary conditions 

The first stage of loading is a static stage where the structure’s own weight is being applied on the 
structure. The second stage is also a static loading case, where the middle column was removed from 
the analysis and was replaced by applying a displacement loading increment of 1778mm on a 7000 
loading increment.  

2.4.3. Results and Discussion 

The main purpose of this report is to show the capabilities of ELS software to accurately capture the 
non-linear behavior of reinforced concrete structures during progressive collapse.  

https://portal.appliedscienceint.com/


ELS Validation Book   
Non-Linear Structural Analysis  
 

 

©2024 Applied Science International, LLC. Reproduction of this document in any form without prior written 
authorization from Applied Science International, LLC is prohibited. 

www.appliedscienceint.com | www.extremeloading.com 
Page 51 of 77 

 

2.4.3.1. Force-Displacement relationship of falling column. 

Figure 55 shows the force versus displacement relationship of the center column obtained from the 
experimental results compared to the results obtained from the ELS analytical results.  Figure 56 shows 
a comparison between comparison between experimental results and ELS results in term of beam axial 
force vs vertical deflection. 

 

Figure 55 Load deformation curve comparison between Experimental and ELS results. 
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Figure 56 Beam Axial Force VS Vertical Displacement comparison between Experimental and 

ELS results. 

2.4.3.2. Failure 

Figure 57 shows a comparison between the experimental failure and ELS failure.   
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Figure 57 Cracking comparison between Experimental and ELS results. 

3. Seismic Analysis: 

3.1. Reinforced Concrete Building (Cyclic Analysis) 

3.1.1. Case (1) Reference Case 

3.1.1.1. Experimental Data 

3.1.1.1.1. Geometry and Reinforcement Details 

Figure 58 shows a reinforced concrete building that was used in the experiment. Figure 59 shows the 
geometry and the reinforcement details for columns and beams. More information about the 
experiment can be found in [Ref. 6] 
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Figure 58 Reinforced concrete building used in the Experiment.  

 

Figure 59 Geometry and reinforcement details. 

3.1.1.1.2. Loading Setup 

Figure 60 shows the loading setup of the cyclic test. The load was applied under displacement control. 
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Figure 60 Loading Setup for the cyclic loading 

3.1.1.2. Analysis Model for Cyclic Loading 

3.1.1.2.1. ELS Models 

Figure 61 shows the ELS model for the structure where the structure is modeled using solid 3D 
elements. All the reinforcement details have been taken into consideration. In this model, the 
reinforcement in the model was modeled as 1D spring.  
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Figure 61 ELS Model for the building. 

 

3.1.1.2.2. Material Properties  

The material model used for concrete material is mohr-coulomb failure criteria while the steel material 
is von-mises failure criteria. For more information about material models, refer to ELS theoretical 
manual available through ASI portal website. Portal.appliedscienceint.com. Figure 62Figure 13 shows 
screen shots for concrete material properties assigned to concrete material. Figure 63Figure 13 shows 
screen shots for steel material properties assigned to steel material.  

 

https://portal.appliedscienceint.com/
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Figure 62 Material properties assigned to concrete material. 

 

Figure 63 Material properties assigned to steel material. 



ELS Validation Book   
Non-Linear Structural Analysis  
 

 

©2024 Applied Science International, LLC. Reproduction of this document in any form without prior written 
authorization from Applied Science International, LLC is prohibited. 

www.appliedscienceint.com | www.extremeloading.com 
Page 58 of 77 

 

3.1.1.2.3. Loading and Boundary conditions 

The first stage of loading is a static stage where the structure own weight and additional masses are 
being applied. The second stage is a dynamic stage loading case, where the cyclic loading is applied on 
the 1st floor slab and the 2nd floor slab. Figure 64 shows the loading setup and the boundary conditions 
in the ELS model.  

 

Figure 64 Loading setup and Boundary Conditions 

3.1.1.3. Results and Discussion 

The main purpose of this report is to show the capabilities of ELS software to accurately capture the 
non-linear behavior of reinforced concrete structures during cyclic loading. In this model, the 
reinforcement bars are modeled using 1D spring between the element’s surfaces. There is an 
assumption of full bond between the concrete and the reinforcement.  



ELS Validation Book   
Non-Linear Structural Analysis  
 

 

©2024 Applied Science International, LLC. Reproduction of this document in any form without prior written 
authorization from Applied Science International, LLC is prohibited. 

www.appliedscienceint.com | www.extremeloading.com 
Page 59 of 77 

 

3.1.1.3.1. Base Shear VS Drift Comparison  

Figure 65 shows the base shear versus 1st floor drift relationship. The figure shows a good agreement 
between the experimental results and the ELS results.   

 

Figure 65 Base shear VS Drift comparison between Experimental and ELS results. 

3.1.1.3.2. Cracks 

Figure 66 through Figure 69 shows a comparison between the experimental cracks and cracking 
obtained from ELS analysis results. The first bending crack was observed when the drift reaches to 0.25% 
as shows in Figure 66 where principal strain contours are shown in the ELS results.  When the drift 
reaches 0.5% a shear crack was observed in columns S101 and S103. Shear cracking is shown in Figure 
67. Concrete crushing was then observed in columns S103 and S106 when the drift reaches 0.75% as 
shown in Figure 68 where stress contours are shown. When the drift reaches 0.9%, cover spalling and 
buckling of reinforcements bars was observed as shown in Figure 69. A sudden compression failure 
happened in columns S103 and S106 as shown in Figure 70 at drift of 1.4%. Figure 71 shows the collapse 
sequence after the draft reaches 1.4%. 

EXPELS
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Figure 66 Cracking comparison between Experimental and ELS results at 0.25% drift. 

 

Figure 67 Cracking comparison between Experimental and ELS results at 0.5% drift. 

 

Figure 68 Cracking comparison between Experimental and ELS results at drift 0.75%. 
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Figure 69 Cracking comparison between Experimental and ELS results at drift 0.9%. 

 

Figure 70 Cracking comparison between Experimental and ELS results. 
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Figure 71 Collapse Sequence Comparison 

 

 



ELS Validation Book   
Non-Linear Structural Analysis  
 

 

©2024 Applied Science International, LLC. Reproduction of this document in any form without prior written 
authorization from Applied Science International, LLC is prohibited. 

www.appliedscienceint.com | www.extremeloading.com 
Page 63 of 77 

 

3.1.2. Case (2) Retrofit Case 

3.1.2.1. Experimental Data 

3.1.2.1.1. Geometry and Reinforcement Details 

The geometry and reinforcement details used in the retrofit case is identical to the retrofit case. The 
only difference is in the wrapping of the ground floor columns with CFRP as shown in Figure 72. More 
information about the test can be found in [Ref. 7] 

 

Figure 72 Reinforced concrete building used in the Experiment.  

3.1.2.1.2. Loading Setup 

For Loading setup refer to 3.1.1.1.2. 
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3.1.2.2. Analysis Model for Cyclic Loading 

3.1.2.2.1. ELS Models 

Figure 73 shows the ELS model for the structure where the structure is modeled using solid 3D 
elements. All the reinforcement details have been taken into consideration. The CFRP wrapping were 
modeled using 3D solid elements. In this model, the reinforcement in the model was modeled as 1D 
spring.  

 

 

Figure 73 ELS Model for the building. 
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3.1.2.2.2. Material Properties  

The material model used for concrete material is mohr-coulomb failure criteria while the steel material 
is von-mises failure criteria. CFRP material is modeled using tension only linear material model. For the 
interface between CFRP and concrete material, Epoxy material is used and assigned for it a linear 
material model. For more information about material models, refer to ELS theoretical manual available 
through ASI portal website. Portal.appliedscienceint.com. Figure 74 shows screen shots for concrete 
material properties assigned to concrete material. Figure 75 shows screen shots for steel material 
properties assigned to steel material. Figure 76 shows screen shots for CFRP material properties 
assigned.  

 

 

Figure 74 Material properties assigned to concrete material. 

https://portal.appliedscienceint.com/
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Figure 75 Material properties assigned to steel material. 

 

Figure 76 Material properties assigned to steel material. 
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3.1.2.2.3. Loading and Boundary conditions 

Refer to section 3.1.1.2.3 for more information about the loading and boundary conditions. 

3.1.2.3. Results and Discussion 

The main purpose of this report is to show the capabilities of ELS software to accurately capture the 
non-linear behavior of reinforced concrete structures during cyclic loading for sections retrofitted with 
CFRP material.  

3.1.2.3.1. Base Shear VS Drift Comparison  

Figure 77 shows the force versus 1st floor drift relationship. The figure shows a good match between the 
experimental results and the ELS results.  The results also show that the building could sustain the large 
deformations happening without collapse. Figure 78 shows a comparison for final deformed shaped 
between experimental results and ELS results. 

 

Figure 77 Base shear VS Drift comparison between Experimental and ELS results. 
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Figure 78 Comparison of final deformations between Experimental results and ELS Results 

3.2. Structural Steel Building (Time History Analysis) 

3.2.1. Experimental Data 

3.2.1.1. Geometry and Steel Section Details 

Figure 79 shows 4 story structural steel building that was tested under E-Defense Shaking table located 
in Miki City, Hyogo Prefecture, Japan by National Research Institute for earth Science and Disaster 
Prevention in Japan. Figure 80 shows layout of beams and columns on different floors. It should be 
noted that the fence around the structure is not modeled in the ELS model. More information about the 
experiment can be found in [Ref. 7] 
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Figure 79 4 Story Structural Steel Building 

 

Figure 80 Layout of steel columns and beams used in each floor. 
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3.2.1.2. Loading Setup and Acceleration records 

Figure 81 shows a schematic for the structure on the E-Defense shaking table test. It should be noted 
that the E-Defense table shaking test is the largest table shaking test in the world. Figure 82 shows 
acceleration records used in the test in E-W direction, N-S direction, and Vertical direction. The 
acceleration records used are recorded in Takatori during the 1995 Kobe earthquake.  

 

Figure 81 4 E-Defense Shaking Table Test 
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Figure 82 100% Takatori Station Record during 1995 Kobe Earthquake 

3.2.2. Analytical Model 

3.2.2.1. ELS Model 

Figure 83 shows the ELS model for the 4 story structure used in the experiment. As stated before, the 
fence around the structure (Anti-Collapse Frame) is not modeled. All Structural components were 
modeled using 3D solid elements. All bolts are modeled using 1D spring that has a stiffness and strength 
equivalent to the appropriate bolt type. Figure 84 shows details of the ELS model showing 3D solid 
elements used in for the modeling of beams, column, slab and metal deck. The figure also shows 
reinforcement bars modeled as 1D spring in the ELS model. 
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Figure 83 ELS Model for 4 Story model used in the Experiment. 

 

Figure 84 Details of ELS model showing columns, beams, metal deck and RFT bars. 
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3.2.2.2. Material Models 

The material model used for concrete material is mohr-coulomb failure criteria while the steel material 
is von-mises failure criteria. Refer to ELS theoretical manual available through ASI portal website. 
Portal.appliedscienceint.com. Figure 85 shows screen shots for concrete material properties assigned to 
concrete material. Figure 86 shows screen shots for steel material properties assigned to steel material.  

 

Figure 85 Material properties and material model assigned to concrete material. 

 

Figure 86 Material properties and material model assigned to steel material. 

https://portal.appliedscienceint.com/
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3.2.2.3. Loading and Boundary Conditions. 

The first stage of loading is a static stage where the structure’s own weight and additional masses are 
applied. The second stage is a dynamic stage with acceleration time history loading case.  Figure 87 
shows the ground acceleration records used in X, Y and Z direction for the ELS model. It should be noted 
that ASI applied only the 100% Takatori earthquake in this validation example. The foundations of the 
structures were fixed for translation and rotation in all directions.  

 

Figure 87 Ground Acceleration Records for 100% Takatori Kobe Earthquake. 

3.2.3. Results and Discussion. 

3.2.3.1. Deformations and Collapse. 

Figure 88 shows a comparison between experimental results and ELS results in terms of deformation vs 
time for the 4-story building. A good agreement between the experimental results and the analysis 
results until the collapse of the structure. After failure occurs, it can be seen a difference between the 
results due to the effect of the Anti-collapse frame that prevented the building from total collapse to 
prevent damage of the shaking table test. Figure 89 shows a comparison between the deformations just 
before the collapse happened where is the clear that ELS was able to capture the local buckling 
happened on the top and the bottom of the steel columns of the 1st floor.  
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Figure 88 Comparison between Experimental results and ELS results in terms of deformations. 

 

Figure 89 Comparison between Experimental results and ELS results in terms of deformed shape. 

3.2.3.2. Base shear VS Drift. 

Figure 90 shows a comparison between experimental results and ELS results in terms of Base shear VS 
drift of the first floor. Again, a good agreement is observed between experimental results and ELS 
results for the maximum base shear and the maximum drift. 
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Figure 90 Comparison between Experimental results and ELS results in terms of Base shear. 
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