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ABSTRACT 
Reinforced concrete structures may be subjected to uncontrolled 

sudden loads such as weight or rock fall, industrial or transport accidents, 
military or terrorist activities, controlled or bottled gas, natural gas, fuel 
tanker or fuel station explosion. It is difficult to predict how the structure 
will react under dynamic impact loading. However, creating scenarios 
taking measures against dynamic loading is a simple solution for behavior 
impact prediction. In this study was investigated to remove of the middle 
column in the reinforced concrete structure after the internal explosion. 
Static analyzes were carried out with IdeCAD Static software according to 
the load distributions after the carrier element removed in the typical 
building. In this study, load distribution principles are reviewed in 
accordance with ASCE 7-10, GSA 2016 and ACI 318 recommendations after 
subtracting elements. As a result, element remove scenarios are required 
as a design principle for structures.

  
1. INTRODUCTION 
 
Reinforced concrete structures have to detailed static and dynamic loading scenarios, as well as industrial or 

transport accidents or military or terrorist activities due to accidental or deliberate impact or blasting loads (Figure 
3). In addition, gas-filled tube, natural gas, fuel tanker or fuel station explosions can cause destructive reasons for 
buildings. It is usual for building elements to appear as detailing criteria in case of structural damage by shock as a 
result of weight drop, vehicle crash on vertical carrier elements or explosion. For this reason, both theoretical and 
experimental studies have been conducted on the behavior of structural elements subjected to impact loading from 
past to present. 

Nowadays, preferred reinforced concrete structures are generally designed considering static, moving and 
dynamic loads such as earthquake/wind in project stage. Structural analysis generally not include the effects of 
sudden dynamic impact loads (Figure 1). 
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Figure 1: The process and engineering design measures of structural progressive collapse 

 
The strategies for the design to resist different unexpected accidents are shown in Figure 2 according to 

EN1991-1-7. 

 
Figure 2: Different methodologies to resist accidental load actions (EN 1991-1-7, Eurocode 1: Actions on 

Structures – Part 1–7: General Actions – Accidental Actions, (2006)) 
 
The blast effects can be determined according to certain criteria. These effects can be divided into two main 

topics. The effects can be called ground shock and spherical shock wave respectively. The effect of ground shock is 
the impact of the explosion on the ground environment and the resulting acceleration. The effect of spherical shock 
wave can be expressed as the pressure wave created by the explosion in the air and this wave is called air shock. 
These effects are measured and taken into consideration during the design stage of the building to obtain the 
simulation of impact created by explosion on the structures.  
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Figure 3: Kansallis House, City of London; Alfred P. Murrah Federal Building, Oklahoma, USA; Internal boast of the 

shop, Davutpaşa/İstanbul; Explosion of natural gas explosion, Ostim/Ankara 
 
The blast wave that emerges after an explosion moves fast depending on the local pressure and temperature in 

an atmospheric. For this reason, the transition from high-pressure medium to low-pressure medium takes place very 
quickly after the explosion. The resulting high-pressure wave propagation, force, propagation time and velocity 
depend on the chemical reaction causing the explosion. However, the shock wave spreads and the moving air behind 
it expands and falls below atmospheric pressure with time [1]. The spherical shock wave, increase in pressure in the 
event of encounter an obstacle such as structure rapidly. Moreover pressure occurs in the case of an infinitely rigid 
and durable structure that prevents completely shock wave movement at the highest level. For example, the 
explosion will cause greater effects on condition that a closed ambient in the building [2], [3]. Internal explosions 
cause damaged to slabs and plastic hinge beams/columns in the structures. To emerge the pressure from shock wave 
no cause if the obstacle has a small area and the wave moves to free in the ambient [4].  

In other words, the interaction of spherical shock waves and structures largely depends on the geometry of the 
structure and the properties of the wave ACI 318. It is very difficult to estimate different reflections due to complex 
geometries after the blast. Developed to the nowadays empirical formulas are not sufficient to evaluation of 
explosion effects and impulse parameters for different geometry building. For these reasons, experimental studies 
are required under dynamic effects for dynamic evaluation on structural elements. Impact load must be estimated 
against any obstacle in front of shock wave effects caused by explosion due to any explosion source. In addition, 
explosion may cause fatal lung damage or eardrum rupture. The most significant parameter in the explosion load is 
the characteristics of the source. Explosive sources may be LPG, natural gas or TNT due to terrorist attacks. It is very 
difficult to predict how the structure will react after the explosion.  

However, pre-explosion collapse scenarios can be created how to getting precautions before explosion at 
structures. Structure occurs collapse when the structural element closest to the explosion mechanism is damaged. 
In the assumed explosion scenarios, it is necessary to identify local failure scenarios that may be caused by columns 
likely to be damaged. Thus, the prediction of the mechanism will be formed after plastic hinge. The most dangerous 
structures in these scenarios, they are less have column structures on the axle.  

In recent years, researchers have been investigated using column loss tests analytical models real building 
structures in the dynamic load redistribution [5], [6], [7], [8], [9]. 
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 BUILDING CODES AND GUIDELINES 
 

1.1.1. ASCE 7-10 
 
The American Society of Civil Engineers Standard (ASCE 7-10) describes the mechanisms of sudden collapse in 

two main headings: direct and indirect design. Indirect approach provides solutions about redistribution after load 
carrying capacity of structural or structural elements to explosion case. Thus, minimum load values determined to 
alternative load distribution. Different structural elements may need to be used for structural ductility and strength. 
Load combination to determine the capacity of damaged structure after loss of carrier element; 

 
                                        GND= (0.9 𝑜𝑜𝑜𝑜 1.2) + (0.5𝐿𝐿 or 0.2𝑆𝑆),  
                                                 LLAT= 0.002ƩP                                                                                                                                      (1) 
 
GND = Gravity loads for nonlinear dynamic analysis 
D = Dead load including façade loads (lb/ft2 or kN/m2) 
L = Live load including live load reduction per ASCE 7 (lb/ft2 or kN/m2) 
S = Snow load (lb/ft2 or kN/m2) 
LLAT = Lateral load 
ƩP=Sum of the gravity loads (Dead and Live) acting on only that floor; load increase factors are not employed 
Load combination to evaluate the post-explosion strength capacity of the structural member;  
 
   (0.9 𝑜𝑜𝑜𝑜 1.2) 𝐷𝐷 + 1.0𝐴𝐴𝐴𝐴 + 0.5𝐿𝐿 + 0.2𝑆𝑆                                                                                                                                         (2) 
 
Ak: shows the load effect after the explosion. 
Dynamic characteristic of progressive collapse is reflected by the loading procedure itself. Therefore, no 

dynamic increase factor is needed for NDP. Starting from zero, the loads defined in Equation 1 is applied to the entire 
structure including columns to be removed.  

 
1.1.2. ALTERNATE PATH METHOD (APM) 
 
This method widely is to recommended approach for advanced collapse system in building design. Linear, 

nonlinear and nonlinear dynamic procedures are three different. The Alternative Load Path method connected to 
GSA 2016, the structural element is removed on the column and applied loading procedures by Equation 3. 

 
                                                            𝐺𝐺𝐺𝐺 = 𝛺𝛺𝛺𝛺 (1.2𝐷𝐷 + 0.5𝐿𝐿)                                                                                                          (3) 
 
                                                           𝐺𝐺 = 1.2𝐷𝐷 + 0.5𝐿𝐿                                                                                                                          (4) 
 
Where, show ΩN: dynamic increase factor. As a result of linear static analysis, demand-capacity ratio of 

structural elements should be calculated in accordance with Equation 4. FEMA is determined as the request capacity 
ratio to calculate the inelastic behavior and request (DCR). DCR limit values are given in Table 1. 

 
                                                                        DCR = QUD/QCE                                                                                                                                                                        (5)                    

                                                        
Where, QUD = Maximum bending moment after analysis, 𝑄𝑄𝑄𝑄𝑄𝑄: Structural strength, ϕ: Reduction coefficient. 
 

Table 1: Summary of DCR limits 
Components / Action Values for Liner Procedures 

DCR 
Beams-flexure 2<DCR<3, depending on both flange and web slenderness  

Columns- flexure   
For 0<P/PCL<0.5 1.25<DCR<2, depending on both flange and web slenderness 
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For P/PCL>0.5 1 
Fully Restrained Moment Connections  2, for both Pre-and Post-Northridge 

Partially Restrained Moment Connections 1.5 for tension failures 
3 for flexural failures 

 
In the AP analysis, case of greater than the three stories, a collapsed area must less than 70 m2 or 15 percent of 

total area the acceptable extent of damage for the removal of a wall or column on the external envelope of a building. 
The collapsed area of the floor directly above the removed element must be less than the smaller of 140 m2 or 30 
percent of the total area in case of external structural element.  

To summarize the prescriptions raised in the different design code guidelines, a comparison of load 
combinations for progressive collapse analysis in the different guidelines is also presented in Table 2. 

 
Table 2: Load combination in different design code guidelines 

Code Equation 
BS D +L/3 +W/3 

Eurocodes D + Ad +ΨQ 
ASCE 7 (0.9 or 1.2) D + (0.5 L or 0.25S) +0.2W; 1.2D + Ak + 0.2W) 

GSA 2(D + 0.25 L) 
DoD 2[(0.9 or 1.2) D + (0.5L or 0.2S) + 0.2W]; (0.9 or 1.2) D + (0.5 L or 0.2S) + 0.2W 

 
The American Concrete Institute is trying to ensure the collapse of structural elements in reinforced concrete 

structures with the requirements of structural integrity. ACI 318-14 includes structural connection detailing for 
reinforced concrete structures. 

 
1.1.3. COLLAPSE ANALYSIS OF PROTOTYPE BUILDING 
 
Plastic hinge is mean yield rotation or unrecoverable rotation. Figure 4 illustrates the elastic and plastic rotation 

at the joint. The plastic hinge is associated with both the elastic and the plastic state, but the elastic case represents 
smaller dimensions. 

 

 
Figure 4: Node point detail 

 
Nonlinear material behavior may be modeled to lumped plastic hinge to structural element. Lumped plasticity 

model is assumed to move expecting plastic hinges nonlinear plastic deformation along the whole element. Force-
deformation and moment curvature can be formed by using plastic hinge in the modeling. Column plastic hinge 
properties are generated using the values defined in ASCE 41-13 (Figure 5.a, b, c). Fig. 5 shows the moment-
curvature relationship for columns as defined in ASCE 41-13.  

My: yield moment, ϕy: curvature, Mu: ultimate moment, ϕu: ultimate curvature. 
The parameters are given in the model given in Fig.5 according to the cross-sectional properties and shown 

Table 10-8 (ASCE 41-13). 
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Figure 5: Backbone moment–curvature relationship for columns defined in ASCE 41-13 

 
2. ANALYTICAL MODEL 
 
In this study, static analysis was performed according to the load distribution that occurs after removal of 

elements after explosion in typical structures with reinforced concrete frames. The scope of the study, three-
dimensional models are created to determine internal forces, deformations and displacements in structures with 3 
and 8 stories reinforced concrete frame structures.  Beams-columns are one-dimensional and slabs have been 
adopted as rigid diagram each floor in their planes.  

The column where middle center axles, removed as a scenario in the frame prototype model building. Figure 8 
shows the plan and views of the reinforced concrete structure that is typically formed and model consists of 4 
openings and 4 m spacing in X and Y directions. The cross-sectional dimensions of the vertical and horizontal 
elements were determined to be the same on whole floors, with beams 30x60 cm, columns 50x50 cm, slabs 15 cm 
and floor height 300 cm. Mechanical properties of C25 concrete class and S420 reinforcement class in all models. 
The reinforced concrete structure is modeled to have Z1 soil class and parameter of 1st earthquake zone for 
equivalent earthquake force. The total mass of the building is calculated by taking into account the total fixed load 
and 30% of the moving load. Rigid diagram is defined for each floor. One-way earthquake effect is used in models 
that neglected to vertical earthquake effect. The models were removed column of center axle and analyzed IdeCad 
software with load combinations according to ASCE 7-10 and GSA 2016 regulations (Figure 6). 

 
 ANALYSIS RESULTS AND EVALUATION 

 
In this study, nonlinear static analyzes were performed according to the redistributed load after the element 

removed from the central axle. Model descriptions are given in Table 4. 
 

Table 4: Model descriptions 
Model 

M3 3 floor  
M8 8 floor 

M3-C 3 floor removed column at center axle 
M8-C 8 floor removed column at center axle 

M3-EC 3 floor removed column at edge axle  
M8-EC 8 floor removed column at edge axle  

 
In the study, reinforced concrete problems occurred in neighboring axles, where the element was removed in 

M8-C and M8-EC prototype buildings. The problem is solved by adding punching reinforcement. Also, the column 
beam connection joint in ground and first floor was solved by increasing cross-section columns. 
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Figure 6: Prototype building 

 

 
Figure 7: Reinforced Concrete Inadequacy in Structure (M8-C and M8-EC) 

 
 MODAL ANALYSIS 

 
Modal analyzes were performed for each model according to the re-load distribution after subtraction of the 

element. Periods of the models are given in Figure 8. 
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Figure 8: Building model periods 

 
 MOMENT CAPACITIES 

 
The maximum moment capacity values are given in Figure 9 in the subtracted region for building models. The 

increase in moment capacity was approximately 3 times in the 3 and 8-storey model and approximately 6 times in 
the redistribution. After the redistribution, moment capacity increased the cross section of the design and 
reinforcement that secure design is provided for structural analysis. In the existing prototype models and elements 
with extracted models have been performed the criteria for earthquake general regulations. After the moment 
capacity increase, the reinforcement is provided by increasing the reinforcement from 12Φ14 to 16Φ14 in the axes 
that are equal distances to the central axle. 

 

 
Figure 9: Moment capacity after column removed 

 
 DISPLACEMENT OF REMOVED COLUMN JOINT 

 
Figure 10 shows the maximum displacement values in the removed column axle obtained from analyzes. 

Increases in displacement values occurred in the center axle where the column was removed. After the analysis 
according to the proposed load distribution, vertical displacement increases were observed. 

 

M3 M8 M3-C M8-C M3-EC M8-EC
Mod 1 0.375 1.039 0.3784 1.035 0.38 1.05
Mod 2 0.3747 1.039 0.3784 1.035 0.37 1.04
Mod 3 0.32 0.845 0.32039 0.842 0.32 0.84
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Figure 10: Maximum displacement values for scenarios 

 
Figure 11 shows the maximum floor displacement values after obtained from different scenarios analyzes. 

Increases in displacement values occurred in the center axle where the column was removed. After the analysis 
according to the proposed load distribution, vertical displacement increases were observed. 

 

 
Figure 11: Maximum floor displacement values for scenarios 

 
3. CONCLUSION 
 
In this study indicated that there is no record for comprehensive information about the deterioration of 

explosion elements in the regulations on buildings to be constructed in earthquake zones in 2007 and 2019, TS 500-
2000 and TS 498-1997 regulations. This situation has caused a great uncertainty about how to take measures against 
the explosion effect of public and private structures in many parts of the world and our country. Controlled and 
uncontrolled explosion effects have been uncertainty on the structure. However, new load distribution may occurred 
after the creation of explosion scenarios for the solution and the reduction of the carrier element at the most critical 
point in the structural elements. In this study, the most critical carrier element in a 3 and 8 story symmetrical 
prototype structures and re-load distribution cases are examined. This study showed that, moment and 
displacement increases with ASCE 7-10 and GSA 2016 proposed re-load distribution after removed column. Thus, 
the structural models lead to increases in reinforcement, cross-sectional geometries and punching reinforcement. It 
has been seen that the formation of geometry of the sections by considering redistribution after a sudden load 
situation such as explosion in the structures. Thus, the design is considered according to the unfavorable situations. 
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