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Research Article 

Design analysis of a steel industrial building  

with wide openings exposed to fire 

Burak Kaan Cirpici a,*  

a Department of Civil Engineering, Erzurum Technical University, 25050 Erzurum, Turkey 

 

A B S T R A C T 

In order to design a fire-resistant steel structure, the change in the physical and me-
chanical properties of the steel at high temperatures must be known. As the tempera-

ture of steel structural elements increases during fire, their strength decreases consid-

erably. After a certain temperature, these strength drops reach critical levels. There-

fore, collapses and various deformations (buckling, arching, etc.) occur. To prevent 

these collapses during the fire, various fire protection materials must be applied to the 

structural members such as column and beam. Columns are the most critical structural 
elements in a steel bearing system. While the possible collapse of the columns may 

cause the collapse of the whole structure, the beams alone may not cause the collapse 

of the structure, and the column-beam junctions directly affect the spread of fire. Since 

there will be many openings and gaps in industrial buildings, the spread and growth of 

a possible fire becomes very serious. Special fire protection measures are therefore re-

quired. In this study, the behavior of a steel industrial structure designed and designed 

under the influence of Standard Fire (ISO 834) was investigated, the distribution of the 

temperatures in the structural elements was determined, the required fire protection 

material was selected, and both protected and unprotected steel temperatures were 

determined. This design against fire is designed to provide fire resistance for 1 hour 

(60 min) for this structure. During this period, the type and optimum thickness of the 

protection material to be applied before reaching the critical temperature values for 
which the strength of the steel material would lose and would be damaged and com-

pared with the temperatures that would occur in the structural elements without ap-

plying fire protection. According to the findings of the study, it was concluded that 25 

mm drywall box protection material should be applied on the inner columns and 20 

mm on the edge columns and 15 mm on the corner columns. In addition to this, it was 

concluded that spray beams (intumescent coating) of different thicknesses between 

15-20 mm were applied to the beams depending on the location and the load to be 

affected and the type of joint. After these applied passive fire protection materials, the 

temperatures obtained in the structural elements reached to 500-550 as a result of 1-

hour fire design. These temperatures are acceptable temperature values given the 

strength drop in critical temperature ranges for steel under the 1-hour fire condition. 
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1. Introduction 

As is well known, buildings might have a damage from 
foreseen extreme events such as earthquakes, natural 
hazards as well as fires and explosions. An experimental 

study to examine the fire damage of unprotected struc-
tural steel members in an industrial fabric building has 
been performed by Piroglu et al. (2017). In that work, 
tensile tests were performed on various columns and a 
tubular space truss member so as to determine the post-
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fire mechanical properties in order to help for final deci-
sion whether removal, reusage or strengthening of the 
industrial steel building. The verification of the mini-
mum fire resistance of existing industrial building has 
been done by Bilotta et al. (2017) with the help of some 
regulations to ensure occupant safety as well as a very 
limited structural damage with particular reference to 
intumescent coatings protected steel structural mem-
bers. A 2D thermo-plastic model has been set up by 
Molkens and Hanus (2017) by considering thermal con-
tribution of non-structural concrete walls to limit the 
steel temperature rise of the bearing elements in a steel 
frame system. Kmet et al. (2016) presented an analysis 
of an industrial hall located on a thermal power plant 
damaged by fire dramatically using non-destructive and 
destructive tests of steel and concrete materials, geo-
detic surveying of selected structural members, numeri-
cal modelling and static analysis.  

This study developed herein this paper includes the 
design, manufacturing drawings and calculations of the 

steel industry structure in Erzurum (39.886448°, 
41.269547°) according to AISC360-10, TBDY-2018 and 
TÇY-2016-7 standards. At the same time, the September 
11, 2001 attack on the twin towers in the United States 
has shown that steel structures are at least as important 
as the other strength principles in fire protection. In this 
study, the fire protection of the planned steel structure 
is also predicted and the ability to resist fire is men-
tioned (Wang et al., 2015; Wang et al., 2013; Zhang et al., 
2012b; Zhang et al., 2012a). 

The model is a 60×32 meter industrial building with 
11-roof truss and 10 openings. The ridge span is 20 me-
ters and in the case of side protrusions it is 6 meters. 

S235 and 490 MPa electrodes were used as steel class. 
Soil class ZB, Earthquake Ground Motion DD-2 is as-
sumed when constructing the spectrum curve. 

Crane design was not made in the structure. The 3D 
view and front view of the structure taken from the 
SAP2000 program is shown in Figs. 1 and 2, respectively. 
A wide variety of joint types and images are shown in Fig. 3.

 

Fig. 1. 3D view of the industrial building. 

 

Fig. 2. Front view of the structure. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

Fig. 3. (a) Column-beam (ridge) joint with rigid face plate; (b) Beam-beam connection with face plate;  
(c) Bolt joint with head plate (side ridge 1); (d) Cross-beam junction (side ridge 2);  

(e) Cross-body combination; (f) Cross-end combination.

2. Determination of Loads 

The load calculations required for the model are clas-
sified as dead loads (fixed and roofing loads) and moving 
loads (snow, wind, fire and earthquake loads) and re-
quired calculations for the design have been performed 

with the help of relevant regulations TSE 498, TBDY-
2018, ÇYTHY-2016. In this study, fire loads are taken into 
account in the load combinations by taking 50% of the to-
tal of all moving loads that will affect the structure (CEN, 
2005). The general load table for the loads calculated 
and considered for the structure is shown in Table 1.

Table 1. Main loads for the design. 

Roofing load (kN/m2) 0.150 

Snow load (kN/m2) 1.950 

Fire load (kN/m2) 1.325 

Wind load in Y-direction (kN/m2) Input = 0.64 Output = 0.32 

Wind load in X-direction (kN/m2) 

Input (0-4 m) = 0.40 

Input (4-5 m) = 0.10 

Input (5-8 m) = 0.40 

Input (8-10 m) = 0.13 

Output (0-4 m) = 0.20 

Output (4-5 m) = 0.20 

Output (5-8 m) = 0.20 

Output (8-10 m) = 0.32 
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3. Dimensioning the Structural System 

The analysis and design of the system was done in 
SAP2000. After the necessary material definitions, loads 
and freedoms were adjusted in the program, changes 
were made in the design part in accordance with the pro-
ject design criteria and the sections were dimensioned 
according to AISC 360/10-LRFD. In addition, framing 
type, simple moment frame type (OMF), which is suita-
ble for the ductility level of the model, was made in 
SAP2000 program. Since the earthquake load that will 
affect the structure is calculated by mode coupling 
method, the effect of seismic behavior to be created and 
effected by the selected regulation is limited. The sec-
tions obtained as a result of SAP2000 design are pre-
sented in Table 2. 

Table 2. Dimensioned sections. 

Columns HEB450 

Front (facade) purlins UPN140 

Roof purlins UPN180-200 

Diagonals TUBOD168.3*4-177.8*4 

Brace members S420  Ø0.012 m 

Beams between trusses IPE330 

Ridge IPE600 

 

4. Fire Design 

4.1. Thermal properties of steel material 

4.1.1. Specific heat (𝐶𝑠𝑡) 

The specific heat-temperature relation is:  

If  20℃ ≤ 𝑇𝑠𝑡 < 600℃ ;  

𝐶𝑠𝑡 = 425 + 7.73 × 10−1𝑇𝑠𝑡 − 1.69 × 10−3𝑇𝑠𝑡
2  

       + 2.22 × 10−6𝑇𝑠𝑡
3 (1) 

If  600℃ ≤ 𝑇𝑠𝑡 < 735℃ ; 

𝐶𝑠𝑡 = 666 +
13002

738−𝑇𝑠𝑡
 (2) 

If  735℃ ≤ 𝑇𝑠𝑡 < 900℃ ; 

𝐶𝑠𝑡 = 545 +
17820

𝑇𝑠𝑡−731
 (3) 

If  900℃ ≤ 𝑇𝑠𝑡 < 1200℃ ; 

𝐶𝑠𝑡 = 650 (4) 

where 𝐶𝑠𝑡 is the specific heat (
J

kg
∙ K). 

4.1.2. Thermal conductivity (𝜆𝑠𝑡) 

The thermal conductivity, specific heat and density of 
steel structural steel has been obtained from Eurocode 3 
Part 1.2 (CEN, 2005). 

The thermal conductivity of steel is: 
 

If steel temperature 𝑇𝑠𝑡  (𝐾) is lower than 800℃ ; 

𝜆𝑠𝑡 = 54 − 3.33 × 10−2 𝑇𝑠𝑡  (5) 

If steel temperature is higher than 800℃; 

𝜆𝑠𝑡 = 27.3 (6) 

where 𝜆𝑠𝑡 is the steel thermal conductivity (𝑊 𝑚𝐾⁄ ). Fig. 
4 presents the thermal conductivity of steel-temperature 
relationship based on EN 1993-1-2. 

 

Fig. 4. Variation of thermal conductivity of steel  
with temperature (CEN, 2005). 

4.2. Fire design of unprotected steel 

Calculation method for unprotected steel structural 
element; the heat entering the surface area exposed to 
heat over a short period of time (∆𝑡) is equal to the heat 
required to raise the temperature of the steel.  

𝜀 = 𝜀𝑓 × 𝜀𝑚  (7) 

Emissivity coefficient (ε) is calculated by multiplying 
emissivity coefficient under fire condition ( ε𝑓)  with 
emissivity of the material (ε𝑚). 

𝜀𝑓 = 1.0     𝜀𝑚 = 0.5 (8) 

ℎ𝑐𝑜𝑛 = 25 × (𝑇𝑔,𝑡 − 𝑇𝑠𝑡) (9) 

ℎ𝑟𝑎𝑑 = 𝜀𝑓 × 𝜀𝑚 × 𝜎 ×  

           × [(𝑇𝑔,𝑡 + 273.15)4 − (𝑇𝑠𝑡,𝑢𝑛𝑝𝑟𝑜𝑡𝑒𝑐𝑡𝑒𝑑 + 273.15)4] (10) 

ℎ𝑛𝑒𝑡 = ℎ𝑟𝑎𝑑 + ℎ𝑐𝑜𝑛 (11) 
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ℎcon – Amount of heat passing through the unit area by 
convection 
ℎrad – Amount of heat passing through the unit area by 
radiation 
ℎnet – Net (total) heat quantity per unit area 
𝑇𝑔,𝑡  – Time-dependent fire (gas) temperature 
T𝑠𝑡,𝑢𝑛𝑝𝑟𝑜𝑡𝑒𝑐𝑡𝑒𝑑  – Unprotected steel temperature 

𝑘𝑠ℎ =
0.9×(

𝐴𝑚
𝑉

)
𝑏

(
𝐴𝑚

𝑉
)

 (12) 

∆𝜃𝑠𝑡,𝑡 = 𝑘𝑠ℎ ×
𝐴𝑚

𝑉

𝐶𝑠𝑡×𝜌𝑠𝑡
× ℎ𝑛𝑒𝑡 × ∆𝑡 (13) 

𝑘𝑠ℎ  – Temperature correction factor 
𝜌𝑠𝑡 – Unit mass of steel material (𝑘𝑔/𝑚3) 
∆𝑡 – Time interval (𝑠𝑛) 
∆𝜃𝑠𝑡,𝑡 – Steel temperature rise per unit time 

 
For the time interval, the maximum time specified in 

Eurocode 3 is 30 s. However, in this study, the tempera-
ture calculations were made in 5 second time steps for 
both protected and unprotected cases to obtain more ac-
curate results. 

4.3. Fire design of protected steel 

The calculation method is similar to unprotected 
steel, but the equation is slightly different. Because the 
heat transfer coefficients are not included in the equa-
tion due to the assumption that the outer surface tem-
perature of the fire protection material is the same as the 
fire gas temperature (Wang, 2002).  

∅ =
𝐶𝑝×𝜌𝑝

𝐶𝑠𝑡×𝜌𝑠𝑡
× 𝑑𝑝 ×

𝐴𝑚

𝑉
 (14) 

∆𝜃𝑠𝑡,𝑡 =
𝜆𝑝 ×

𝐴𝑚
𝑉

𝑑𝑝×𝑝𝑠𝑡×𝐶𝑠𝑡 
×

(𝑇𝑔,𝑡−𝑇𝑠𝑡,𝑝𝑟𝑜𝑡𝑒𝑐𝑡𝑒𝑑)

(1+
∅

3
)

× ∆𝑡  

            − (𝑒
∅

10 − 1) × ∆𝜃𝑔,𝑡 (15) 

∅ - Shape factor of steel with protection material 
𝜆𝑝 - Thermal conductivity coefficient of fire protection 
material (W/mK) 
𝐶𝑝 – Specific heat of fire protection material (J/kgK) 

𝜌𝑝 – Unit mass of fire protection material (kg/m3) 
𝑑𝑝 – Thickness of fire protection material (mm) 
∆𝜃𝑔,𝑡 – Fire (gas) temperature rise per unit time 

4.3.1. Fire protection systems 

Many fire protection coatings are produced from cal-
cium silicates or gypsum plasters with low thermal con-
ductivity. Coatings made of calcium silicate are in layers 
and the inner layer is the least damaging layer in fire. 
Gypsum plaster coatings have good fire insulation prop-
erty. Coating systems are very easy to apply, they are ap-
plied dry and finished with decorative materials (Fig. 5). 
However, they are slow and expensive compared to 
spray applied systems. 

 

Fig. 5. Panel protection representation. 

5. Structural Fire Design 

5.1. Column design 

In order to facilitate the calculations before moving to 
the fire design section, the mapping of the columns was 
performed and then, according to this mapping, both 
symmetrical columns and the load they would carry 
could easily be determined by the areas to be exposed to 
fire. 

Box coating was chosen as the fire protection material 
in the columns. 

Since the fire design calculations in steel structures 
are very long and complicated by hand procedure, fire 
design program was created by using Microsoft Excel 
program. Macros section was used in Microsoft Excel. 
Loads to columns are classified for easier analysis, in-
cluding inner, edge and corner columns, as the columns 
will vary according to their position Fig. 6.

SC001 SC002 SC045 SC046 SC003 SC004 

SC005 SC006   SC007 SC008 

SC009 SC010   SC011 SC012 

SC013 SC014   SC015 SC016 

SC017 SC018   SC019 SC020 

SC021 SC022   SC023 SC024 

SC025 SC026   SC027 SC028 

SC029 SC030   SC031 SC032 

SC033 SC034   SC035 SC036 

SC037 SC038   SC039 SC040 

SC041 SC042 SC047 SC048 SC043 SC044 

Fig. 6. Settlement map of columns in considered industrial structure.   
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Internal Columns (6-7-10-11-14-15-18-19-22-23-
26-27-30-31-34-35-38-39): 

 
Numbered inner columns shown in Fig. 6, span open-

ings, column heights, material properties and most im-
portantly the areas to be exposed to fire were calculated 
and entered into the developed FIRE_EXCEL spread-
sheet as shown in Figs. 7 and 8.  

As a result of the analyses, the temperature distribu-
tions that will occur in the inner columns under the ef-
fect of Standard fire (ISO 834) are shown in Fig. 9 as un-
protected and protected against fire. Non-uniform tem-
perature distribution has been obtained for the unpro-
tected members since the specific heat (𝐶𝑠𝑡)  changes 
dramatically after around 650℃ whereas this behavior 
has not seemed for the protected members due to the 
low temperature values. Hence, non-uniform tempera-
ture values have been obtained for all unprotected steel 
members including columns and beams. The application 
of a 25 mm plasterboard box coating resulted in temper-
atures less than 550-600℃ which were critical tempera-
tures for steel at the end of 1 hour in the inner columns. 
When we look at the unprotected steel column, it has 
reached 900℃, which is a critical temperature for the 
steel to deform and lose its load-bearing capacity. 

Edge Columns (2-3-5-8-9-12-13-16-17-20-21-24-25-
28-29-32-33-36-37-40-42-43): 

 
20 mm plasterboard fire-protected and unprotected 

steel temperatures of edge columns are shown in Fig. 10. 
Since the fire is exposed from the 3 surfaces on the side 
columns, slightly lower temperatures (temperature dif-
ference of 60℃ at the end of 60 minute) were obtained 
than the corner columns. It can be concluded that a 
slightly thinner fire-retardant material can be used for 
the side columns. 

 
 

Corner Columns (1-4-41-44): 
 
For the corner columns, 15 mm plasterboard has been 

used as the fire protection material to decrease the steel 
temperatures at the end of fire design time (60 min). As 
the fire exposure side of these columns is less than the 
other column types, low insulation thickness might be 
preferred. The obtained protected steel temperature re-
sults are around 500℃ which was the aimed design tem-
perature for the steel (Fig. 11).

 

Fig. 7. Entering the necessary properties for fire design of inner columns in FIRE_EXCEL. 
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Fig. 8. Performing the necessary controls for the column (buckling, etc.). 

 

Fig. 9. Temperature distributions for inner columns. 
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Fig. 10. Temperature distributions for edge columns. 

 

Fig. 11. Temperature distributions for corner columns.

5.2. Beam design 

Beam placement map, shown in Fig. 12, is created to 
provide ease of operation and to make calculations faster 
and more accurately, just as columns and areas to be 
used in the fire, loads, and symmetrical beams were de-
termined from this map and colored with the same color. 
Selected and fire-designed beams are different beams 
(loading, span openings, etc.) in the system. Different fire 
performance and temperature distributions were ob-
tained due to differences in physical properties. The 
remaining beams are symmetrical and identical to the 

selected beams. Intumescent coating was applied to the 
beams, as it would be more suitable to manufacture and 
apply (Cirpici et al., 2016a; Cirpici et al., 2016b), (Cirpici 
et al., 2019a; Cirpici et al., 2019c; Cirpici et al., 2019d; 
Cirpici et al., 2019b). 

Figs. 14-18 present the temperature distribution on 
protected and unprotected steel beams designed in the 
industrial building. Unprotected beam temperatures 
reach to the fire temperature (ISO-834) within 25 
minutes while the protected steel temperatures are kept 
at around proposed temperature (500℃) by applying 
15-20 mm intumescent paint.   
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Fig. 14. Settlement map of beams in considered industrial structure. 

 

Fig. 13. Entering the necessary properties for fire design of inner columns in FIRE_EXCEL. 

 

Fig. 14. Temperature distributions on beam numbered as (01). 

KİRİŞ YERLEŞİM HARİTASI
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Fig. 15. Temperature distributions on beam numbered as (02). 

 

Fig. 16. Temperature distributions on beam numbered as (45-46-47). 

 

Fig. 17. Temperature distributions on beam numbered as (51). 
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Fig. 18. Temperature distributions on beam numbered as (52).

6. Conclusions 

In this study, the behavior of a large steel industrial 
structure with wide openings under fire effect (Standard 
Fire - ISO 834) and temperature distributions in the 
structural elements were determined as fire protected 
and unprotected. Model analysis, downloads and dimen-
sions, joint calculations and verifications were per-
formed with the help of SAP2000 v18, Tekla Structures 
2016i, Idecad 8.62 and IdeaStatica 9 programs. Fire de-
sign of columns and beams, which are critical in the fire, 
among the types of structural elements dimensioned, 
were made. The thickness of the protection material 
(plasterboard box protection) in the inner columns was 
determined as 25 mm, 20 mm in edge columns and 15 
mm in corner columns. For the beams, the same intu-
mescent paint protection thickness as 20 mm has been 
considered for all beams. The load that the columns and 
beams reach to temperatures of approximately 950°C 
without protection after 1 hour in a standard fire and is 
between approximately 450-550°C for the protected 
steel depending on the load, span openings and fire ex-
posure surfaces. This is the temperature at which the 
steel begins to lose its strength considerably. When steel 
rises above these temperatures, more than fifty percent 
of its strength will be lost, so collapse might be expected. 
However, the 60-minute design is sufficient for the nec-
essary evacuation. 
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A B S T R A C T 

The behavior of beam-column semi-rigid connection plays an important role in the 
response of a steel moment resisting, stiffness and rotation capacity framed struc-

ture, especially under static loading conditions. In this study, the moment-rotation 

characteristics of semi-rigid bolted connections using web cleat connections with IPE 

standard profile is discussed, based on the experimental investigation. The study re-

vealed that the moment resistance of beam-column semi-rigid connection is im-

proved by increasing the height of the beam to the height of web cleat joint (H), and 

the increasing thickness of web and flange in web cleat joints. The aim was to provide 

necessary data to improve the Eurocode 3 and efficiently use residue IPE standard 

profiles, rather than send them back to the consumption cycle. While the resistance 
moment increased with an increase in H from Hmin to Hmax. 
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1. Introduction 

Experimental tests can be used to obtain the moment-
rotation curve of beam-column joints, but it is too expen-
sive for everyday design. The behavior of beam-column 
semi-rigid connection plays an important role in the re-
sponse of a steel moment resisting, stiffness and rotation 
capacity framed structure, especially under static load-
ings. The use of semi-rigid connections provides a good 
response under static loadings. It is necessary to con-
sider the behavior of connections in the design and anal-
ysis of steel frames because it represents the actual be-
havior (Sağıroğlu and Aydin, 2015). In addition to con-
sidering the behavior of connections in the main axes, 
some researchers (Lima et al., 2002) considered the be-
havior of minor axis beam-to-column connections. In the 
last decade, many researchers were carried out to study 
the behavior of semi-rigid web cleat connections. Table 
1 presents some experimental research of beam-column 
web cleat connections. T-shaped combinations created 
using the IPE standard profile and T-shaped elements 
are different from those in the literature, which utilize 
welded plates. Thus, the elimination of the problems oc-
curring at the welds of connections such as the occur-
rence of fracture points and the inability to perform well 

in place is expected. To recommend the use of weld-less 
T connections, a knowledge of their behavior is needed. 
However, web cleat connections that use the IPE stand-
ard profile are not mentioned and investigated in either 
Eurocode 3 or the literature, as in this research (Euro-
code 3 investigated cleat leg connections in the section 
bolted T-stubs). Thus, the aim of this study was to ana-
lyze the influence of T connections that utilize the IPE 
standard profile and the height of beam to height of web 
cleat joint (H) of web cleat joints on the behavior of steel 
connections, to provide the necessary data to improve 
Eurocode 3 (section 3.5.2. Bolted T-stubs which investi-
gated cleat leg connections) and efficiently use residue 
IPE standard profiles, rather than send them back to the 
consumption cycle. Moment-rotation curves were used 
to predict the main characteristics of the relevant con-
nections, such as the resistance moment, the rotation ca-
pacity, the stiffness, and the energy dissipation. 

2. Experimental Investigation 

2.1. Specimens 

The experimental program is presented in Fig. 1 and 
Table 2. This paper presents, the nine experimental 
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models were developed to predict of the behavior of 
bolted web cleat semi-rigid connections with IPE stand-
ard profile under statically loaded in three groups: C300, 
C270, and C240 groups (C300 cut from of IPE300 stand-
ard Profile, C270 cut from of IPE270 standard Profile, 
and C240 cut from of IPE240 standard Profile). The be-
haviors of the web cleat joints were compared within 
their groups (C300-Hmax, C300-Hmin, C300-Hav, C270-Hmax, 
C270-Hmin, C270-Hav, C240-Hmax, C240-Hmin, and C240-Hav) 
(H = height of beam to height of web cleat joint). Column 
stiffeners with a thickness equal to 10 mm were welded 
to the column by means of a continuous 45° fillet weld. 
Thus, columns with a large cross-section were chosen, 
and the use of the stiffener prevented excessive deflection 
in the flange column (Maali et al., 2017). The plate stiff-
ener was S355 and web cleat profile, and the steel type 
was S235. HE160B was used for the columns, and IPE240 
was selected for the beams. Hand-tightened full-threaded 
grade 8.8 M14 bolts in 16-mm drilled holes were used 
consistently for all the tested specimens. The aim of this 
study was to analyze the influence of T connections that 
utilize the IPE standard profile and the height of beam to 
height of web cleat joint (H) of web cleat joints on the be-
havior of steel connections, to provide the necessary data 
for improving Eurocode 3 (section 3.5.2. Bolted T-stubs 
which investigated cleat leg connections) and efficiently 
use residue IPE standard profiles, rather than send them 
back to the consumption cycle. 

2.2. Material properties 

The coupon tension test of the column stiffener, web 
cleat profile, column, flange and web of the beam, and the 
mechanical properties of the bolt material were per-
formed in accordance with the relevant standards (UNE-
EN 10002-1, 2002). The characteristic of steels and bolts 
(8.8) are presented in Table 3. 

2.3. Test setup 

The applied force is static and applied by a 900 kN hy-
draulic jack with 300 mm maximum piston stroke and a 
constant displacement speed of 0.01 mm/s until the col-
lapse. To prevent the torsion of the beam, a two-column 
guide close to the beam was used (Aydın et al., 2015a, 
2015b). Merely, the experiments did not exhibit lateral 
torsion. The testing equipment is shown in Fig. 2. Ac-
cording to relevant given literature, and to obtain more 
realistic behavior with the specific testing machine the 
beam and column lengths are chosen as 1500 mm (Aydın 
et al., 2015a, 2015b). 

The main requirements for the instrumentation were 
measurements of (1) the applied load (P), which was 
measured using a load cell and hydraulic pump; (2) the 
displacements (DT) of the connection, beam, web cleat 
joint, and flange of the column, which were measured us-
ing linear variable displacement transducers (LVDT) 
with a maximum displacement of 100 mm (Figs. 2,3); 
and the strains at the web cleat connections, which were 
measured using strain gauges (TML YEFLA-5 (a maxi-
mum strain of 15%–20%)) (Maali et al., 2012, 2018, 
2019; Fatemi et al., 2013; Niloufari et al., 2014). A data 

logging device recorded all of the measurements and 
load cell values at 1-s intervals during the tests. Four 
strain gauges (ST) were added to the web cleat connec-
tion, to observe the strain distribution (Fig. 1). All of the 
tests used the same arrangement for the locations of the 
strain gauges and measuring devices.  

 

Nomenclature 

h Height of web cleat joint  

hy  Height of the beam without thickness of flange  

H Web cleat ratio (hy/h) 

Fu Ultimate or tensile stress 

Fy Yield stress 

Est Strain hardening modulus  

ρy=fy/fu Yield ratio  

εst Strain at the strain hardening point  

εuni Uniform strain  

εf Strain at rupture load,  

X Cartesian axis; distance 

E Young’s modulus 

I Moment of inertia 

M Bending moment 

Mj.Rd Joint flexural plastic (design) resistance          

Mj.max Maximum bending moment 

Mmin.K–R Lower resistance bound of the knee-range of 
 the joint moment-rotation curve  

Msup.K–R Upper resistance bound of the knee-range of 
 the joint moment-rotation curve  

MӨ.Cd Bending moment at fracture of the joint 

P Concentrated force 

Sj.ini Initial rotational stiffness of a joint 

Sj.p-1 Post-yield rotational stiffness of a joint 

ӨCd Rotation capacity of a connection 

ӨMj.max Rotation of the connection at maximum load 

ӨM.j.Rd Connection rotation analytical value at which 
 the moment resistance first reaches Mj.Rd 

Өmin.K–R Rotation between the lower bound of the 
 knee-range of the joint moment-rotation 
 curve and the rotation capacity 

Өsup.K–R Rotation between the upper bound of the 
 knee-range of the joint moment-rotation 
 curve and the rotation capacity 

Ψj.max load Joint ductility index evaluated for the rotation 
 at maximum load 

Ψj  Joint ductility index 

Ө Rotation 

DTi LVDT 

STi Strain gauge 
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Table 1. Beam-column web cleat connections. 

Author(s) and Year Explanation Experimental number 

Coelho et al. (2004) 
Experimental assessment of the behavior of bolted T-stub connections  
made up of welded plates 

32 

Piluso and Rizzano (2008) Experimental analysis and modeling of bolted T-stubs under cyclic loads 1 

 
Fig. 1. Web cleat geometry, proposed semi-rigid connection, and locations of strain gauges  

(ST1 = parallel to beam on Web cleat; ST2 = perpendicular to beam on Web cleat;  
ST3 = parallel to the column on Web cleat; ST4 = perpendicular to the column on Web cleat;  

d = diagonal to bolts). 

Table 2. Test details. 

Groups Name Experiment Web cleat joint Hmax=hymax/h Hmin=hymin/h Hav=Hyav/h 
X 

(mm) 

C300 group 

C300-Hmax 

IPE 300 

1 - - 

89 

C300-Hmin - 0.63 - 

C300-Hav - - 0.82 

C270 group 

C270-Hmax 

IPE 270 

1 - - 

C270-Hmin - 0.63 - 

C270-Hav - - 0.82 

C240 group 

C240-Hmax 

IPE 240 

1 - - 

C240-Hmin - 0.63 - 

C240-Hav - - 0.82 

hy=height of the beam without the thickness of the flange, h=height of Web cleat joint,  
av= average, max=maximum, min= minimum, x=length of Web cleat connection. 

A-A 

A  

A  

hy  h  

x  

3.5d  

x/2  

IPE 240 
ST1 

ST2 

ST4 

ST3 
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Fig. 2. Test set-up. 

Table 3. Average characteristic values for structural steels and bolt (8.8). 

 E (MPa) Est (MPa) fy (MPa) fu (MPa) ρy= fy/fu εst εuni εf 

10 mm plate 205352 1798 687 721 0.95 2.71×10-2 2.68×10-2 1.62×10-1 

Bolt ----- ----- 1127 1247 0.90 ----- ----- ----- 

Beam Web 203521 1374 521 649 0.80 1.81×10-2 1.59×10-2 1.09×10-1 

Beam Flange 204399 1399 562 685 0.82 1.97×10-2 1.68×10-2 1.15×10-1 

Column Web 204424 1396 541 637 0.85 1.89×10-2 1.63×10-2 1.11×10-1 

Column Flange 208242 1928 831 945 0.88 2.99×10-2 2.81×10-2 1.78×10-1 

T300-stub web 204121 1425 581 705 0.82 2.18×10-2 1.80×10-2 1.38×10-1 

T300-stub Flange 204781 1499 638 735 0.87 2.43×10-2 1.99×10-2 1.69×10-1 

T270-stub web 204001 1394 545 671 0.81 1.90×10-2 1.66×10-2 1.13×10-1 

T270-stub Flange 204498 1428 588 702 0.84 2.00×10-2 1.70×10-2 1.21×10-1 

E= the Young’s modulus, Est= the strain hardening modulus, fy= the static yield, fu= tensile stresses,  
εst= the strain at the strain hardening point, εuni=the uniform strain, εf= the strain at rupture load. 

 
Fig. 3. Typical moment-rotation curve. 
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The designed connections form various moment-ro-
tation curves that describe the relationship between the 
applied moment (M) and the corresponding rotation (Ɵ) 
(Sağıroğlu and Aydin, 2015). The bending moment (M) 
and the rotation are predicted by using displacements of 
the beam or top-and-seat angle connection as given be-
low formulation: 

M = P Lload (1) 

The rotational deformation of the joint (Ɵ) is equal to 
the connection rotation. The beam rotation is approxi-
mately given by (Fig. 2.): 

𝜃 =

𝑎𝑟𝑐𝑡𝑎𝑛⁡(δDT1−δDT5−(−P
EI
)⁡(

XDT1
3

6
−
LloadXDT1

2

2
))

L1
 (2) 

where I is the moment of inertia and E is Young’s modu-
lus of the beam. All deformations values presented 
throughout the remainder of the section refer to the 
readings from DT1 (Maali et al., 2015, 2017). 
 

3. Eurocode 3: Moment-rotation curve 

The M–Ɵ curve of the connection may be described by 
using the aforementioned relationships. The main fea-
tures are the plastic flexural resistance, Mj.Rd, which cor-
responds to the intersection point of the previous two 
regression lines obtained for the initial stiffness (Sj.ini) 
and for the post-limit stiffness (Sj.p−l ) and its correspond-
ing rotation ƟM.Rd; the maximum bending moment, Mj.max, 
and its corresponding rotation, ƟM.j.max; The knee-range 
of the M–Ɵ curve, which is defined as the transition zone 
between the initial and post-limit stiffness, with its lower 
boundary at Mmink−R and rotation Ɵmink−R, and with its 
upper limit at Msupk−R and rotation Ɵsupk−R; The bending 
moment capacity, MƟ.Cd, and its corresponding rotation 

capacity, Ɵcd. In particular, the following characteristics 
were assessed for the different experimental tests (UNE-
EN 10002-1, 2002; Maali et al., 2016; Sağıroğlu et al., 
2018), as drawn in Fig. 3: 

The ductility of a joint (Ψj) reflects the length of the 
yield plateau of the moment-rotation response. The pro-
posed definition of the ductility of a joint is the difference 
between the rotation corresponding to the joint plastic 
resistance, ƟMRd, and the total rotation capacity, ƟCd 
(Schleich et al. 1998; Gil et al., 2003) (Fig. 3). Thus, the 
joint ductility relates the maximum rotation of the joint, 
ƟCd, to the rotation corresponding to the joint’s plastic 
flexural resistance, ƟMRd (UNE-EN 10002-1, 2002; Piluso 
and Rizzano, 2008): 

𝛹𝑗 =
𝜃𝐶𝑑
𝜃𝑀𝑅𝑑

 (3) 

Also, the rotation values at the maximum load and 
corresponding ductility, Ψj.max load, can be derived from: 

𝛹𝑗.max⁡load =
𝜃𝑀𝑗.max

𝜃𝑀𝑅𝑑
 (4) 

Eurocode 3 (2005) gives quantitative rules to obtain 
the joint flexural plastic resistance and initial rotational 
stiffness for major beam-to-column joints of end-plate 
connections. These properties are evaluated below using 
the geometric and mechanical nominal properties in the 
Eurocode 3 (Gil et al., 2003). 

 

4. Results and Discussion 

The moment-rotation responses for the nine full-scale 
specimens of steel-bolted, beam-to-column connections 
with web cleat joints in three groups are reported in Fig. 
4 and listed in Tables 4 and 5. Showed that percent of the 
H characters of all models. 

Table 4. Moment–rotation characteristics. 

Group Experiment 

 Resistance (kN.m) Stiffness (kN.m/rad) Rotation (rad) 

Ψj Ψj.max load 
Energy  

Dissipated 
(kN.m.rad) 

KR  
(knee-range) 

Mj.Rd Mj.max MӨCd Sj.ini Sj.p−l Sj.ini/Sj.p−l ӨM.Rd ӨMin.K.R ӨMsup.k.R ӨMj.max ӨCd 

C300 

C300-Hmax 1.67-8.34 4.93 10.3 10.29 1.82 0.39 4.64 0.019 0.0057 0.063 0.09 0.09 4.79 4.79 0.47 

C300-Hmin 1.79-8.56 4.64 10.1 10.14 0.74 0.63 1.18 0.062 0.033 0.12 0.14 0.14 2.23 2.23 0.70 

C300-Hav 1.13-7.85 3.89 10.1 9.96 1.03 0.52 1.99 0.034 0.0083 0.099 0.13 0.14 4.06 3.94 0.70 

C270 
 

C270-Hmax 0.28-9.76 7.68 11.3 11.17 0.95 0.52 1.84 0.039 0.00002 0.055 0.07 0.07 1.79 1.74 0.39 

C270-Hmin 0.28-10.77 5.44 11.2 11.19 1.04 0.59 1.76 0.049 0.0014 0.12 0.13 0.13 2.55 2.55 0.70 

C270-Hav 2.02-6.62 4.91 7.84 7.8 9.3 0.28 33.29 0.006 0.0027 0.065 0.10 0.11 17.67 17 0.42 

C240 

C240-Hmax 0.88-9.33 2.99 10.6 9.96 2.87 0.64 4.44 0.011 0.000016 0.098 0.11 0.12 10.73 10.45 0.63 

C240-Hmin 1.23-9.04 4.07 9.97 9.61 1.39 0.58 2.41 0.024 0.0087 0.094 0.10 0.11 4.463 4.30 0.53 

C240-Hav 0.47-7.59 4.4 9.06 7.7 1.52 0.63 2.41 0.031 0.0022 0.08 0.099 0.11 3.55 3.19 0.50 
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Table 5. Percent of the H characteristics of all models. 

Group Experimental 

(Mj.Rd (Hmax)- 

Mj.Rd  

(Hmin and Hav))/ 

Mj.Rd (Hmax) 

(Mj.max (Hmax)- 

Mj.max  

(Hmin and Hav))/ 

Mj.max (Hmax) 

(ӨM.Rd (Hmax)- 

ӨM.Rd  

(Hmin and Hav))/ 

ӨM.Rd (Hmax) 

(ӨMj.max (Hmax)- 

ӨMj.max  

(Hmin and Hav))/ 

ӨMj.max (Hmax) 

(Ψj (Hmax)- Ψj 

(Hmin and Hav))/ 

Ψj (Hmax) 

(Ψj.max load 

(Hmax)- Ψj.max load 

(Hmin and Hav))/  

Ψj.max load (Hmax) 

C300 

C300-Hmax - - - - - - 

C300-Hmin 21 1 69 - 54 54 

C300-Hav 6 - 45 3 15 18 

C270 

C270-Hmax - - - - - - 

C270-Hmin 36 31 88 - - - 

C270-Hav 29 1 20 18 86 86 

C240 

C240-Hmax - - - - - - 

C240-Hmin - 15 - - 67 70 

C240-Hav 8 6 54 4 59 59 

 

 
Fig. 4. Moment-rotation curves for three groups.

These curves and tables showed that:  
The increasing web cleat ratio (H) increased the plas-

tic flexural resistance about 6%-21%, 29%-36%, and 
8%, for all the models. Furthermore, the thickness in-
crease of the joints (from C270 to C300), increased the 
plastic flexural resistance about 39%–61%, 12%–25%, 
and 10%, also.  

 The maximum bending moments of all models in-
creased about 1%, 1%–31%, and 6%–15%, with an in-
crease in the web cleat ratio from Hmin to Hmax. Further-
more, the increasing joint thickness (C270 to C300 group 
of models), increased the maximum bending moments 

about 6%, 2%–11% and 11%–23%, also. Likewise, the 
bending moment capacities are increased with the in-
creasing web cleat ratio and joint thickness. 

As mentioned above, increasing web cleat ratio, also 
increased the initial to post-limit stiffness ratio about 
41%-75%, 4%-95%, and 46%, for the models C300, 
C270, and C240, respectively. Moreover, the initial to 
post-limit stiffness ratios are increased about 4%–60% 
and 93%, for the increasing joint thickness (C270 to 
C300). Generally, the rate of the initial stiffness to the 
post-limit stiffness increased with an increase in the H 
from Hmin to Hmax.  
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The rotations of the plastic flexural resistance for the 
C300, C270, and C240 groups decreased by about 45%–
69%, 20%–88%, and 54%, respectively, with an increase 
in H from Hmin to Hmax. The rotations of the plastic flexural 
resistance for the Hmax, Hmin, and Hav models increased by 
about 42%–72%, 51%–61%, and 9%, respectively, with 
an increase of the thickness of the joints (from T270 to 
T300 group). The maximum rotations for the C300, 
C270, and C240 groups decreased by about 3%, 18%, 
and 4%, respectively, with an increase in H from Hmin to 
Hmax. The maximum rotations for the Hmin and Hav model 
groups increased by about 18%–25% and 26%–39%, re-
spectively, with an increase of the thickness of the joints 
(from C270 to C300 group).  

Meanwhile, the maximum rotation for the Hmax model 
decreased by about 21%–41% with an increase of the 
thickness of the joints (from C270 to C300 group). Gen-
erally, the maximum rotation decreased with an increase 
in H from Hmin to Hmax. The rotation capacities for the Hmin 
and Hav model groups increased by about 9%–23% and 
20%–23%, respectively, with an increase of the thick-
ness of the joints (from C270 to C300 group). Meanwhile, 
the rotation capacities for the Hmax model decreased by 
about 23%–41% with an increase of the thickness of the 
joints (from C270 to C300 group). The Ψj (the joint duc-
tility) values for the C300, C270, and C240 groups in-
creased by about 15%–54%, 86%, and 59%–67%, re-
spectively, with an increase in H from Hmin to Hmax. The Ψj 
values for the Hmax and Hmin models decreased by about 
56%–83% and 43%–50%, respectively, with an increase 
in the thickness of the web and flange in the C240 to 
C300 web cleat joints. Meanwhile, the Ψj values for the 
Hav model increased by about 13%–80% with an in-
crease of the thickness of the joints (from C270 to C300 
group). The Ψj.max.load (the rotation values at the maxi-
mum load and corresponding ductility) values for the 
C300, C270, and C240 groups increased by about 18%–
54%, 86%, and 59%–70%, respectively, with an increase 
in H from Hmin to Hmax. The Ψj.max.load values for the Hmax 
and Hmin models decreased by about 54%–83% and 
41%–48%, respectively, with an increase of the thick-
ness of the joints (from C270 to C300 group). Meanwhile, 
the Ψj.max.load values for the Hav model increased by about 
19%–81% with an increase of the thickness of the joints 
(from C270 to C300 group). The energy dissipations for 
the C270, and C240 groups increased by about 15%–
40%, respectively, with an increase in H from Hmin to 
Hmax. Meanwhile, the energy dissipations for the C270 
model decreased by about 33.33% with an increase with 
an increase in H from Hmin to Hmax. The energy dissipa-
tions for the Hmin and Hav models increased by about 23% 
–39%, respectively, with an increase of the thickness of 
the joints (from C270 to C300 group). Meanwhile, the en-
ergy dissipations for the Hmax model decreased by about 
26%–37% with an increase of the thickness of the joints 
(from C270 to C300 group). 

 

5. Failure Modes and Strain 

Fig. 5 shows the moment–strain responses for the 
nine full-scale specimens of steel-bolted connections 

with web cleat joints in all groups. According to these 
curves, there is a correlation between the moment-
rotation and moment–strain curves of both tools, which 
can be taken as further proof of the installation and 
measurement precision. As can be observed in Fig. 5, at 
the point of failure for each specimen, all of the strains 
changed from elastic to plastic for the three groups of 
specimens. There are three failure modes in the Euro-
code 3 for the web cleat connections. Mode 1 is the com-
plete flange yielding without bolt failure. Mode 2 is the 
flange yielding with bolt failure, and Mode 3 is the bolt 
failure. The failure modes were observed during the 
tests: the bolt being directly overloaded by the applied 
forces on the beam of the Web cleat connection (Mode 3) 
(Fig. 6). The failure modes of the specimens appeared af-
ter necking positions on the beam of the Web cleat con-
nection (Fig. 6). 

 

6. Conclusions 

In this study, new connection types were suggested, 
and their behaviors were determined using full-scale ex-
periments. T-shaped combinations created using the IPE 
standard profile and T-shaped elements are different 
from those in the literature, which utilize welded plates. 
Thus, the elimination of the problems occurring at the 
welds of connections such as the occurrence of fracture 
points and the inability to perform well in place is ex-
pected. To recommend the use of weld-less T connec-
tions, a knowledge of their behavior is needed. However, 
web cleat connections that use the IPE standard profile 
are not mentioned and investigated in either Eurocode 3 
or the literature, as in this research. Thus, the aim of this 
study was to analyze the influence of T connections that 
utilize the IPE standard profile and the height of beam to 
height of web cleat joint (H) of web cleat joints on the 
behaviour of steel connections, to provide the necessary 
data for improving Eurocode 3 and efficiently use resi-
due IPE standard profiles, rather than send them back to 
the consumption cycle. The main conclusions can be 
summarized as follows: 
 The resistance moment increased with an increase in 

H from Hmin to Hmax.  
 The resistance moment increased with the increase in 

the thickness of the web and flange in the C240 to 
C300 web cleat joints.  

 The rate of the initial stiffness to the post-limit stiffness 
increased with an increase in the H from Hmin to Hmax. 

 The rates of the initial stiffness to the post-limit stiff-
ness for the Hmax and Hav model groups increased with 
an increase of the thickness of the joints (from C270 
to C300 group). The rotations of the plastic flexural 
resistance and the maximum rotations decreased 
with an increase in H from Hmin to Hmax.  

 The rotations of the plastic flexural resistance in-
creased with an increase of the thickness of the joints 
(from C270 to C300 group). 

 The maximum rotations and the rotation capacities 
for the Hmin and Hav model groups increased with an 
increase of the thickness of the joints (from C270 to 
C300 group).    
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Fig. 5. Moment–strain curves.

 The Ψj (the joint ductility) values and the Ψj.max.load (the 
rotation values at the maximum load and correspond-
ing ductility) values increased with an increase in H 
from Hmin to Hmax.  

 The Ψj (the joint ductility) values and the Ψj.max.load (the 
rotation values at the maximum load and correspond-
ing ductility) values for the Hmax and Hmin models de-
creased with an increase of the thickness of the joints 
(from C270 to C300 group). Meanwhile, the Ψj (the 
joint ductility) values and the Ψj.max.load (the rotation 

values at the maximum load and corresponding duc-
tility) values for the Hav model increased with an in-
crease of the thickness of the joints (from C270 to 
C300 group). Thus, the model with Hav was ideal 
model. 

 The energy dissipations for the C270, and C240 
groups increased with an increase in H from Hmin to 
Hmax. Meanwhile, the energy dissipations for the C270 
model decreased with an increase with an increase in 
H from Hmin to Hmax. The energy dissipations for the 
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Hmin and Hav models increased with an increase of the 
thickness of the joints (from C270 to C300 group). 
Meanwhile, the energy dissipations for the Hmax model 
decreased with an increase of the thickness of the 
joints (from C270 to C300 group). 

 The failure modes were observed during the tests: the 
bolt being directly overloaded by the applied forces on 
the beam of the Web cleat connection (Mode 3). The 
failure modes of the specimens appeared after necking 
positions on the beam of the Web cleat connection. 

 
Fig. 6. Failure of models. 
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A B S T R A C T 

This paper studies to estimate the dynamic behavior of a demineralized water tank 
with a piled raft foundation system considering soil-pile-structure-fluid interaction 

to shock-ground motion. A three-dimensional finite element model of a coupled sys-

tem is constituted in ANSYS software. Interaction between pile and soil is repre-

sented with the frictional contact element. The frictionless contact elements are uti-

lized to model between the water and tank shell to allow for displacement of the free 
surface adjacent to the tank wall. Shell elements are used for the tank body and its 

vault. The dynamic analyses of the tank including soil-pile-structure-fluid interaction 

are presented by using shock response spectra. Ground shock acceleration time his-

tories, generated by using a developed computer program based on Fortran pro-

gramming language, produce shock response spectra. The effects of the different 

charge weights and distances from the charge center are examined in the analyses. 

Also, the effect of the water fill level in the tank and the number of piles is also inves-

tigated. The results of the research are presented with the directional displacements 

and equivalent stresses. It seen from the analyses that the dynamic responses of the 

tank increase with the charge weight, while decreasing with the charge center dis-

tance. Moreover, the water fill level and the number of piles extremely affect the dis-

placement and stress values of the coupled interaction system. 
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1. Introduction 

Circular storage tanks, such as reinforced con-
crete/steel water tanks, are widely used to store water, 
oil and gas. These type tanks transfer loads from liquid 
and self-weight to a foundation and layers of soil or rock. 
Storage tanks located in soft soil can easy to be threat-
ened by earthquakes, traffic load, explosion induced 
ground vibrations. In such situations, it is necessary to 
study dynamic responses of storage tanks in soft soils 
during ground motion. A conventional raft foundation 
under storage tanks constructed in soft soils does not 
provide adequate support, it can be enhanced by the ad-
dition of piles to the reduction of settlement and increase 
in bearing capacity of the raft. 

Limited studies were carried out in analyzing storage 
tanks considering soil-pile-structure-fluid interaction 
under seismic excitation. The first study titled “Founda-
tions for Cylindrical Storage Tanks” belongs to Roberts 
(1961). This study investigated the effect of the types of 
foundations used for a variety of soil conditions. These 
foundation solutions include the use of a sand pad, con-
crete or crushed rock ring wall, an interlocking sheet pile 
ring wall, and a pile foundation with a crushed rock pile 
cap. Xinliang and Xuecheng (1992) simulated the soil-
pile system as an anisotropic elastic solid. They devel-
oped special software to analyze the dynamic behavior 
of liquid-structure-pile-soil interaction system. Dieter-
man (1993) presented the effects of the liquid and foun-
dation including pile-soil interaction on the structural 
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dynamics using an analytical model. Higuchi et al. (2000) 
described the results of shaking table tests on LNG facil-
ities on the reclaimed land using the centrifuge appa-
ratus. The study investigated the seismic responses of 
multi-layered grounds and piled foundations of LNG fa-
cilities. Ruifu et al. (2011) studied the seismic response 
of an isolated vertical, cylindrical, extra-large liquefied 
natural gas (LNG) tank by a multiple friction pendulum 
system (MFPS). The results showed that the isolation 
system has excellent adaptability for different liquid lev-
els and is very effective in controlling the seismic re-
sponse of extra-large LNG tanks. Yamashita et al. (2014) 
confirmed the validity of the foundation design. They 
performed field measurements on the foundation settle-
ment and the load sharing between the piles and the raft 
from the beginning of the construction to 80 months af-
ter the end of the construction. Ximei et al. (2014) con-
ducted the dynamic responses of the LNG tank struc-
tures under seismic excitation considering the influ-
ences of pile-soil interaction, liquid level of LNG, the site 
classification, direction and intensity of earthquake, and 
the leakage of LNG liquid. Park et al. (2017) purposed a 
dynamic centrifuge model test method for the accurate 
simulation of the behaviors of a liquid storage tank with 
different types of foundations during earthquakes. The 
study investigated the effects of the soil-foundation-
structure interactions of a simplified storage tank under 
two different earthquake motions, simulated using a 
shaking table installed in a centrifuge basket. Cheng and 
Jing (2017) proposed two simplified methods to quantify 
the stability of composite foundation treated with a large 
number of compaction piles. Kim et al. (2017) investi-
gated the cathodic protection design improvement. In 
this study, the current distribution was studied using the 
Boundary Element Method (BEM) and the Finite Ele-
ment Method (FEM) numerical analysis methods. End of 
the study, it was implemented that the construction cost 
was reduced significantly without any under-protection 
area on the steel piles. Ha et al. (2017) performed the dy-
namic centrifuge tests to observe the seismic behaviors 
of the liquefied natural gas (LNG) storage tank with dif-
ferent foundation conditions. Two typical foundation 
types were used as shallow foundation and pile founda-
tion. The accelerations at soil surface, slab and structure 
were compared. Fiore et al. (2018) researched the influ-
ence of sloshing effects and of the soil-structure interac-
tion. Also, the tank founded on piles, soil-structure inter-
action is taken into account by computing the dynamic 
impedances. Sahraeian et al. (2018) performed dynamic 
centrifuge model tests to investigate the mechanical be-
havior of oil tanks supported by piled raft foundation on 
liquefiable saturated sand and non-liquefiable dry sand. 
In the tests, two types of foundations were modelled for 
oil storage tanks, namely, slab foundation (SF) and piled 
raft foundation (PRF). Purnama et al. (2018) carried out 
the study on improvement of foundation structure sys-
tem with concrete slab supported by piles on the outside 
around and “Sistem Cakar Ayam” that spread evenly in 
the area of the foundation. The numerical study of the 
proposed improvement of structure model was con-
ducted using SAP2000 and ABAQUS. Zhang et al. (2018) 
studied the seismic response of the tank-fluid system 

considering soil-structure interaction. A three-dimen-
sional FEM model of soil-pile-structure-fluid interaction 
system was built based on ANSYS software, in which, the 
structure and fluid interaction are considered by Lagran-
gian fluid FEM approximation. 

In underground mining and civil engineering, drilling 
and blasting are generally using excavation techniques. 
Ground shock and vibrations have been a major problem 
for the surrounding structures such as buildings, bridges, 
dams and tunnels, etc. This type of vibration threat can 
cause cracks or other kinds of damages in buildings and 
other types of structural systems. Only recently, a lim-
ited number of studies have been performed to define 
the potential threat of blast type loadings on above struc-
tures. Some valuable researches are regarding dynamic 
analyses of water storage tanks against blast ground mo-
tion (Blair et al., 2007; Haciefendioǧlu et al., 2012). 

There is no enough study about the dynamic response 
of the soil-pile-structure-fluid interaction system under 
blast ground motion. This study presented the dynamic 
behavior of a demineralized water tank with a piled raft 
foundation subjected to blast ground motion, with 3D 
modeling in ANSYS software (2013). Shock spectra are 
utilized to determine dynamic response calculations of 
the coupled system subjected to blast loading. In the 
analyses, three different charge weights with three dif-
ferent charge centers are taken into account for para-
metric studies. 
 

2. Shock Response Spectrum 

Controlled blasting techniques may be useful in stages 
of construction of some structures, tunnel, embedded 
foundations, etc. or rock removal, quarrying and prepa-
ration of finished slopes, because of the extreme com-
plexity of each setting. While surface blasting produces 
ground motion and airwaves, underground blasting pro-
duces only ground motion waves, which cause ground 
vibration. The analyses of this study include under-
ground blasts. Blasting-induced ground motions under 
controlled explosions are measurable excitations. How-
ever, these excitations occur at different frequency am-
plitude depending on soil types, blast distances and 
charge weights. The difficulty of determining the time 
histories of ground motions due to blast loads is obvious. 
In such a situation, utilizing the response spectrum 
method, which is generalized shock excitation, instead of 
time history analysis having various amplitudes can be 
convincing for engineers.  

Underground shock ground motions are determined 
from an empirical formula. These equations are for TNT 
detonations at or near the ground surface. The charge 
weight and distance from the explosion are effective for 
the ground shock parameters. Eq. (1) demonstrates 
maximum horizontal acceleration (PPA) of the ground 
surface for rock media (Hao and Wu, 2005).  

𝑃𝑃𝐴 = 3.379𝑅−1.45 𝑄1.07   (g) (1) 

where R is the distance (in meters) from the point of the 
explosion and Q is the TNT charge weight (in kilograms).  
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A computer program based on Fortran programming 
language was developed to simulate shock response 
spectra producing from the ground shock acceleration 
time histories. Ground shock accelerations are simulated 
by using a non-stationary random process method. To 
this process, time-dependent ground motion accelera-
tions are produced by help of the parameters of a deter-
ministic shape function of time (i.e. a time-intensity en-
velope function) p(t) and stationary white noise w(t) of 
intensity S0 (Bolotin, 1960; Jennings et al., 1969; Ruiz 
and Penzien, 1969). To determine non-stationary blast 
ground motions, Amin and Ang (1698) generated a for-
mulation as follows: 

𝑎𝑏(𝑡) = 𝑝(𝑡) 𝑤(𝑡)𝑠𝑡𝑎 (2) 

A time-intensity envelope function and frequency 
characteristics are crucial parts of a non-stationary sto-
chastic process, well-known an earthquake ground mo-
tion is given as an example. The time-dependent enve-
lope function p(t) obtained from the Hilbert transform 
(Hahn 1996) of blast ground motion may be represented 
as an exponential function given by Eq. (3) (Hao and Wu 
2005). 

𝑝(𝑡) = {
0,                          𝑡 ≤ 0

𝑚 𝑡 𝑒−𝑛𝑡2              𝑡 > 0
} (3) 

where m and n depend on the non-stationary ground 
motion and e is the base of the natural logarithm. The 
general envelope function of blast ground motion is de-
picted in Fig. 1.

 

Fig. 1. Envelope function of shock ground motion.

PSD functions used to represent the blast ground mo-
tion which was thought of as a stationary random pro-
cess w(t)sta have been proposed by Wu and Hao (2005). 
The power spectrum based on Tajimi (1960) and Kanai 
(1957) studies is adopted for blast ground motion as fol-
lows: 

𝑆(𝑓) =
1+4𝜉𝑔

2𝑓2 𝑃𝐹2⁄

(1−𝑓2 𝑃𝐹2⁄ )+4𝜉𝑔
2𝑓2 𝑃𝐹2⁄

 (4) 

where PF is the principal frequency, ξg is the soil damp-
ing coefficient, S0 is the intensity of the ideal white noise 
excitation at the bedrock-overburden interface. The 
principle frequency can be formulated as follows: 

𝑃𝐹 = 465.62 (𝑅

𝑄
1

3
⁄ )

−0.13

  

0.3 ≤ 𝑅
𝑄1/3⁄ ≤ 10   (Hz) (5) 

A constant value 𝜉 is taken as 0.6. S0 is calculated by 

𝑆0 = 1.49 × 10−4𝑅−2.18𝑄2,89    (m2/s3) (6) 

Power spectral density functions are constituted by 
the frequency range of 0.3–10 Hz (Wu et al., 2005; Wu 
and Hao, 2007; Singh and Roy, 2010). The waveforms of 

bedrock acceleration are derived from a second-order 
differential equation as given by Eqs. (7) and (8). 

𝑥̈(𝑡) + 2𝜉𝑔𝜔𝑔𝑥̇(𝑡) + 𝜔𝑔
2𝑥(𝑡) = −𝑎𝑏(𝑡) (7) 

𝑥̈(𝑡) = −2𝜉𝑔𝜔𝑔𝑥̇(𝑡) − 𝜔𝑔
2𝑥(𝑡) (8) 

where 𝑎𝑏(𝑡) is a stationary Gaussian white noise pro-
cess; 𝜔𝑔  is natural frequency; 𝑥  is the first filtered re-
sponse.   

The shock response spectrum is calculated by consid-
ering a transient shock input signal which is generally 
provided as the time evolution of displacement, velocity 
or acceleration. A series of SDOF linear oscillators (like a 
mass-spring system) with increasing natural frequen-
cies is used to build a shock response spectrum. The cal-
culation uses an amplification factor Q=10 correspond-
ing to a viscous damping ratio of 5% (Tuma et al., 2011). 

Shock response spectrum with damping can be de-
fined as: 

𝑆𝑙 = |𝜔 ∫ 𝑥̈(𝜏)𝑒−𝜉𝜔(𝑡−𝜏)𝑠𝑖𝑛𝜔(𝑡 − 𝜏)𝑑𝜏
𝑡

0
|

𝑚𝑎𝑥
 (9) 

where, 𝑥̈ is the base acceleration of an SDOF system as a 
function of time, and Sl is the spectral acceleration. 

2000 kg, 1000 kg and 500 kg charge weights and 50 
m, 100 m, and 200 m distances from the point of the 
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explosive are taken into account to analyze the demin-
eralized water tank with a piled raft foundation sub-
jected to shock ground motion. The shock response 
spectra depending on the time history ground motions 

for each case are depicted in Figs. 2 and 3. In this study, 
the displacement and stresses obtained here are maxi-
mum values using the CQC modal combination meth-
ods.

  

  

 

Fig. 2. Acceleration time histories for different blast distances and charge weights. 

 

Fig. 3. Shock response spectrum due to for different blast distances and charge weights.    
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3. Application 

3.1. Geometry and material properties 

This study aims to investigate the dynamic behavior 
of the demineralized water tank with a piled raft founda-
tion under blast-induced ground motion. The picture 
and a piled raft foundation system of the demineralized 
water tank are indicated in Fig. 4. Also, the geometry of 
the soil-pile-structure-fluid interaction system and the 
simplified geometry measures of the tank and soil layer 
are shown in Figs. 5 and 6, respectively. As indicated in 
Fig. 6, the inner diameter of the tank is 16.0 m, the height 
is 16 m. The maximum height of the water surface is 15.0 
m. The tank wall is assumed as a constant thickness, 
which is 10 mm from the bottom to roof of the tank.  The 

tank was made of the stainless-steel material. The elastic 
modulus, Poisson’s ratio and density of the tank are 200 
GPa, 0.3 and 7850 kg/m3, respectively. The density and 
Bulk modulus of the water are assumed as 1000 kg/m3 
and 2.07 GPa, respectively. To achieve the required set-
tlement performance of the tank and to reach the most 
economic foundation design, the calculations were car-
ried out with an optimal number of piles. The cast in 
place 19 concrete piles calculated according to the soil 
parameters and loads caused by tanks are 800 mm in di-
ameter and are 19 m long. All piles are the same diame-
ter. The tank is constructed on a reinforced concrete 
foundation with 19.0 m outer diameter and 80 cm 
height.  The material properties of the concrete are as 
follows, the elastic modulus is 30 GPa, Poisson’s ratio is 
0.18 and density is 2300 kg/m3.

  

Fig. 4. Demineralized water tank with a piled raft foundation. 

 
Fig. 5. The geometry of soil-pile-structure-fluid interaction system. 
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Fig. 6. Demineralized water tank with a piled raft foundation.

In the coupled system, the pile, soil and concrete foun-
dation all use solid elements, simulate-ion of the incom-
pressible fluid in the tank is represented with the fluid 
element. The tank and its vault use shell elements.  The 
frictional contact element (CONTA174) are utilized to 
provide the interaction between the pile and soil. 
CONTA174, which is used for general rigid-flexible and 
flexible-flexible contact analysis, is an 8-node element. 
The elements can be appropriate to represent contact 
and sliding between 3D surfaces. In this system, the iso-
tropic friction model was used with a variable coefficient 
ranging between 0.35 and 0.55 and a starting value of 
0.45 that corresponds to the coupling materials. The fric-
tion coefficient values of the fill, sand-clay and silty-clay 
soil types are assumed as 0.40, 0.35 and 0.50, respec-
tively. The frictionless contact elements are utilized be-
tween the water and the tank shell to allow for displace-
ment of the free surface adjacent to the tank wall.  

 

4. Results of Analyses 

The shock spectrum analysis of a demineralized wa-
ter tank with a piled raft foundation to shock-induced 
ground vibration is carried out using the finite element 
analysis package (ANSYS 2013). This study investigates 
the effect of the shock-induced ground motions on the 
dynamic response of the considered coupled system for 
the different charge weights and distances from the 
charge center by using the shock response spectrum 
method. In addition, the effects of the water fill level of 
the tank reservoir and the number of piles are studied as 
a parametric model. 

4.1. The effect of charge weight 

In order to the charge weight effects on the dynamic 
behavior of the demineralized water tank with a piled 
raft foundation system, the charge weight values of 500, 
1000 and 2000 kg are taken into account. The distance 
from the charge center to the coupled system center is 
assumed as 50 m in all analyses in this section. The dis-
placement and equivalent stress values of the tank are 
indicated in Figs. 8 and 9 for the charge weight values of 
500, 1000 and 2000 kg, respectively. 

Fig. 8(a) shows the displacement contour distribution 
on the tank consisting of a piled raft foundation. The dis-
placement distributions for all of the charge weight val-
ues are close to each other, here, it was given only the 
displacement distribution for the charge weight value of 
500kg.  It can be seen that the displacement values in-
crease with increasing the tank’s height. Maximum dis-
placements occur at the top of the tank. The displace-
ment distributions along the tank’s height with the vari-
ous charge weights are shown in Fig. 8(b). Fig. 8(b) 
shows that the displacement values neatly increase with 
the tank’s height. Also, it must be said that the charge 
weight values affect displacement values. Increasing the 
charge weight cause to increase the displacement values 
along with the tank’s height.  

Fig. 9(a) and Fig. 9(b) indicate the Equivalent stress 
contour distribution (for 500kg) and along with the 
tank’s height, respectively. It can be seen from Fig. 9(a) 
that the stress distribution contours at the bottom of the 
tank are generally higher than those at the top of the 
tank. As expected, the higher stress concentrations rise 
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near the bottom of the tank. The stress contour distribu-
tion graphics for the charge weights of 1000 kg and 2000 
kg are almost the same. When compared the stress dis-
tributions for the various charge weight values, the dif-
ference between the stress values is extremely high. 

Also, the stress distribution values near the top and bot-
tom of the tank are highest. Clearly, it can be observed 
that the increase of the charge weight values causes to 
increase the stress values on all tank body and along 
with the tank.

  
         (a)                      (b) 

Fig. 8. The displacement: (a) contour distribution;  
(b) along with the tank’s height for the charge weights of 500, 1000 and 2000 kg. 

  
               (a)                             (b) 

Fig. 9. The equivalent stress: (a) contour distribution;  
(b) along with the tank’s height for the charge weights of 500, 1000 and 2000 kg.

4.2. The effect of charge center distance 

The charge center distance effects on the dynamic 
behavior of a demineralized water tank with a piled raft 
foundation system are estimated by using the different 
charge center distances. In this part, the charge center 
distances of 50 m, 100 m and 200 m are utilized with the 
charge weight of 2000 kg. The displacement and equiva-
lent stress of the tank are indicated in Figs. 10 and 11 for 
the charge center distance values of 50 m, 100 m and 200 
m, respectively. Fig. 10(a) and Fig. 11(a) only show the 
displacement and equivalent stress distributions for the 
charge center distance of 50 m, because of the fact that 
the result contours for the other distance values have al-
most the same distributions.  

In Fig. 10(a), the displacement values along the tank’s 
height (Section 1-2) are the highest at the top of the tank 
while the lowest values at the bottom of the tank, also 
seen in Fig. 10(b). As observed in Fig. 11(a), the highest 
stress concentrations generally occur at the boom of the 
tank (junction point of the bottom of the tank and piled-
raft foundation). It is also seen from Fig. 11(b), the stress 
values at the top and near the bottom of the tank are the 
highest values when compared to those of other height 
levels of the tank. The thing that needs to be mentioned 
from Fig. 10(b) and Fig. 11(b) is that both the displace-
ment and equivalent stress values increase with decreas-
ing the charge center distances. 
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               (a)                     (b) 

Fig. 10. The displacement: (a) contour distribution;  
(b) along with the tank’s height for the charge weights of 50, 100 and 200 m. 

  
    (a)                                                          (b) 

Fig. 11. The equivalent stress: (a) contour distribution;  
(b) along with the tank’s height for the charge weights of 50, 100 and 200 m.

4.3. The effect of water fill level 

In this section, the effects of water fill level on the dy-
namic behavior of the demineralized water tank with a 
piled raft foundation system are investigated. For this 
purpose, the water fill level height is assumed as 15 m 
from the bottom of the tank. As an external load, the blast 
charge weight and the charge center distance are taken 
as 2000 kg and 50 m, respectively. The water fill level 
cases in the tank are considered as 15 m (3/3 full), 10m 
(2/3 water fill level) and 5 m (1/3 water fill level). Ac-
cording to these cases, the displacement and equivalent 
stress distributions are presented in Figs. 12 and 13.  

The displacement contour distribution and the dis-
placements on Section 1-2 in the case of full water level, 
2/3 water fill level and 1/3 water fill level in the tank 
with a piled raft foundation system subjected to blast 
ground motion are presented in Figs. 12 and 13. It can be 

seen from the figures that the displacement values in-
crease with the tank’s height. Maximum displacement 
values occur at the top of the tank. Also, it can clearly be 
observed that the displacement values increase with in-
creasing the water fill level in the tank. 

The equivalent stress contour distribution and the 
equivalent stress values on Section 1-2 in the case of full, 
2/3 and 1/3 full of water in the tank are shown in Figs. 
14 and 15. Fig. 14 shows that the Equivalent stress con-
tour concentrations occur at the water fill levels and 
lower levels in the tank. While the stress concentrations 
in the case of 1/3 water fill level seem about 5 m tank’s 
height from the bottom, those in the case of 2/3 water fill 
level occur at about 10 m tank’s height. As can be seen in 
Fig. 15, the extreme jumps occur in the equivalent 
stresses at the level of 1/3 and 2/3 full of water. The 
stress values in the case of full of water can be ignored 
when compared to those of 1/3 and 2/3 full of water.  
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                     (a)                         (b)               (c) 

Fig. 12. The displacement contour distributions for (a) full, (b) 2/3 and (c) 1/3 of the water fill level in the tank. 

 
Fig. 13. The displacement values along with the tank’s height for full, 2/3 and 1/3 of the water fill level in the tank. 

           
(a)                  (b)             (c) 

Fig. 14. The equivalent contour stress distributions for (a) full, (b) 2/3 and (c) 1/3 of the water fill level in the tank. 
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Fig. 15. The equivalent stress values along with the tank’s height for full, 2/3 and 1/3 of the water fill level in the tank.

4.4. The effect of the number of piles 

This study also investigates the effect of the number 
of piles to estimate the dynamic behavior of the demin-
eralized water tank with a piled raft foundation system. 
To this aim, it is first assumed that the tank is designed 
with a piled raft foundation consisting of 19 piles 
(model 1) on a soil whose properties are obtained ex-
perimentally. The number of piles is then assumed as 
12 piles (model 2) and no-pile (model 3). The displace-
ment and equivalent stress distributions are indicated 
in Figs. 16-19. In this section, the blast charge weight 
and the charge center distance are taken as 2000 kg and 
50 m, respectively. The tank’s water level is assumed as 
15 m.  

Fig. 16 compares the displacement contour distribu-
tions on the tank in the case of 19 piles, 12 piles and no-

pile. The displacement values along the tank’s height are 
also presented in Fig. 17. As shown in these figures, the 
displacement values in the case of 12 piles are smaller 
than those of 12 piles. The displacements in the case of 
no-pile have maximum values when comparing the other 
cases. It is also seen in Fig. 17 that the displacement val-
ues on Section 1-2 increase with increasing the height of 
the tank. Figs. 18-19 show the equivalent stress contour 
distribution and the equivalent stress values on Section 
1-2 in the case of 19 piles, 12 piles and no-pile. It is seen 
from the figures that the equivalent stress concentra-
tions occur at the bottom of the tank for all cases. The 
stress distribution values near the bottom of tank have 
quite different. While the stress values in the case of no-
pile are higher than those in the case of 12 piles. Mini-
mum stress values in the same region of the tank take 
place in the case of 19 piles.

           
                       (a)     (b)         (c) 

Fig. 16. The displacement contour distributions for (a) 19 piles, (b) 12 piles and (c) no-pile. 
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Fig. 17. The displacement values along with tank’s height for19 piles, 12 piles and no-pile. 

         
(a)                   (b)             (c) 

Fig. 18. The equivalent contour stress distributions for (a) 19 piles, (b) 12 piles and (c) no-pile. 

 
Fig. 19. The equivalent stress values along with tank’s height for19 piles, 12 piles and no-pile.

5. Conclusions 

The current study mainly focuses on the effect of 
blast-induced ground motion on the dynamic behavior 
of a demineralized water tank with a piled raft founda-
tion considering soil-pile-structure-fluid interaction. 
ANSYS software uses to establish the 3-D finite element 

model of the soil-pile-structure-fluid interaction system. 
The shock response spectrum method determined from 
the blast ground motions are used to estimate the dy-
namic behavior of the soil-pile-structure-fluid interac-
tion system. 

Through the results determined the shock response 
spectrum analyses, there were observed that the charge 
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weight, charge center distance, tank’s water level and the 
number of piles have extreme effects on the dynamic be-
havior of the demineralized water tank- fluid-soil-pile- 
interaction coupled system. While the displacement and 
stress values on the tank increase with the increase of 
the charge weight of the blast and water fill level, de-
crease due to the increase of the charge center distances 
and number of piles.  

In general terms, it is observed that especially the 
maximum equivalent stress contour distributions are lo-
cated at the middle and bottom part of the tank. Of 
course, the peak displacement values are expected to be 
at top of the tank. In addition, as a result of the analysis, 
it was observed that the water level change in the tank 
played an important role in the sudden stress change of 
the tank. It turns out that the displacement values also 
change visibly. The number and distribution of piles 
caused quite remarkable changes in the dynamic behav-
ior of the water tank. Especially in the region where the 
water tank meets the basic part, there are significant dif-
ferences in the stresses that occur. 

As a result, although it is rarely encountered, besides 
the earthquake effect, perhaps blast ground motion 
should be taken into consideration in the design of such 
structures. Especially today, when the need for water has 
reached important dimensions, it is important to design 
such tanks in a reliable way. 
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A B S T R A C T 

Investigation of carrying capacity performance of reinforced concrete (RC) struc-
tures is very important for structural engineering. In this study, it is aimed to examine 

the nonlinear carrying capacity performance of an RC laboratory structure by using 

three dimensional (3D) modelling approach. For this purpose, Zonguldak Bulent Ece-

vit University Laboratory Structure is selected and it is modeled as three dimensional 

by utilizing IDECAD static software. After modelling all beams, columns and floors 

according to 2018 Turkish earthquake code, concrete classes are determined for all 
bearing elements and specified concrete classes are defined for all elements of 3D 

model. Then, structure is analyzed for empty situation (Case 1) and structural per-

formance of building is analyzed to this situation. In the past, a flat of this RC structure 

has been exposed to strong machine loads. For this reason, a machine which is fixed 

on the floor is placed in the 3D model and RC structure is analyzed considering non-

structural machine element loads (Case 2). According to analysis results, Case 1 is 

compared with Case 2 and it is clearly seen that nonstructural machine loads effect 

nonlinear carrying capacity performance of RC buildings. 
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1. Introduction 

In the recent years, reinforced concrete (RC) build-
ings have been frequently used in many world countries 
for many purposes. Concrete has tremendous compres-
sive strength. Moreover, steel has tremendous tension 
strength. In the past, a very important idea was sug-
gested about combination of concrete and steel materi-
als. RC buildings have been revealed with this idea that 
combined concrete and steel. Any defect in concrete or 
steel element affects all of the structures. The adherence 
between these materials improves properties of RC ele-
ments. The first defect was related with damages in RC 
buildings that have the weak concrete materials. The im-
portance of studies, researches and prevention about 
carrying capacity of the RC structures have risen after 
destructive earthquakes in the world especially in recent 
years. Demartino et al. (2017) examined an experi-
mental and numerical study about the damage behav-
ior of circular RC columns subjected to impact loading. 

Numerical study was performed using LS-DYNA soft-
ware and these numerical results showed a good agree-
ment with the experimental results. Wei et al. (2019) 
performed an experimental and numerical study about 
damage performance of reinforced conventional (RC) 
concrete and ultra-high performance concrete (UHPC) 
columns subjected important loads. In that study, there 
are total two different test specimens and these speci-
mens have square and circular cross-section shapes. 
Moreover, each specimen group includes both RC and 
UHPC columns. After examined experimental results, nu-
merical simulations were performed to observe residual 
loading capacity of UHPC column subjected to lateral im-
pacts. Chen et al. (2019) evaluated damage perfor-
mances of reinforced concrete (RC) columns. In that 
study, new compression-shear failure mode for RC col-
umns was reported and discussed in detail. A finite ele-
ment (FE) model was developed by using LS-DYNA. An 
important equation was proposed to rapidly evaluate 
the damage situation of the RC columns. Zhao et al. 
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(2020) investigated an experimental and numerical 
study about steel-concrete (SC) slabs subjected to blast 
loads. In that study, three small-scale reinforced con-
crete (RC), single-side- steel-concrete (SSSC) and center 
steel-concrete (CSC) slabs were tested to acquire the fail-
ure modes, mid-span deflection, and dynamic response. 
3D numerical models were verified by the experimental 
tests. According to results, the damaged areas of con-
crete in SSSC and CSC slabs are larger than RC slab. 
Biswas et al. (2020) investigated numerical and experi-
mental effects of non-uniform rebar corrosion on dam-
age performance of reinforced concrete (RC) buildings. 
Damage behavior of RC beams subjected to non-uniform 
rebar corrosion was examined using three-dimensional 
(3D) nonlinear finite element (FE) analysis and experi-
mental study. Seven RC beams were tested by using 
static loads. According to experimental and numerical 
study results, non-uniform corrosion in the steel bars 
cause to an important decrease in the load carrying ca-
pacity of RC beams. Kumar et al. (2020) performed ex-
perimental and numerical study about damage perfor-
mance of reinforced concrete (RC) slabs subjected to 
blast loads. The finite element (FE) modelling was per-
formed by using ABAQUS software. According to numer-
ical results, the pressure of blast increase with an in-
crease in the amount of TNT. Mohammed et al. (2020) 
examine damage performance of reinforced concrete 
(RC) structures subject to flexural loads. According to re-
sults, the damage behaviour of RC systems can be deter-
mined with the tensile cracking of the grout and failing 
of teeth at the joint. Moreover, there are many studies in 
the literature about damage performance of RC buildings 
(e.g. Xinchen and Bing (2020), Xian-Liang et al. (2019), 
Yang et al. (2019), Junsheng et al. (2020), Shuijing et al. 
(2019), Sulaem and Sudip (2019), Rajib et al. (2020), Li 
et al. (2020), Tie-shuan et al. (2019), Chen et al. (2019)). 

As seen these studies, many investigators have contrib-
uted to the literature about nonlinear behaviour of RC 
buildings. However, effects of machine loads on damage 
capacity of RC structures have not been examined in the 
literature. In this study, Zonguldak Bulent Ecevit Univer-
sity laboratory structure is selected for numerical anal-
yses. This structure has a damaged floor at third flat and 
this floor carries very strong machine loads for a long time. 
Therefore, examination of this floor is very important for 
structural engineering. After 3D model of the structure is 
created according to 2018 Turkish earthquake code, ma-
chine loads are applied to this damaged floor and all nu-
merical results are compared with each other. 

 

2. Methodology 

In this study, a four story University building fre-
quently exposes very stronger machine loads is exam-
ined by using 3D modelling. Because of this RC building 
carries very serious loads on the floors, examination of 
damage capacity performance of this structure is very 
important for the people and structures. First of all, the 
relievo of the RC building was obtained in detail. Each 
carrying element is determined in detail and the length 
information of each carrying element is entered in detail 

in the AUTOCAD program. Then, information was ob-
tained about the current status of the fittings in the car-
rying elements using an x-ray device. The 3D model of 
the building was created with the help of the IDECAD 
static program. All carrying elements have been carefully 
entered into the program and the floors have been cre-
ated in accordance with the project. Finally, core sam-
ples were taken from the structure. Considering the his-
torical feature of the building, care was taken not to dam-
age the building too much. Core samples were experi-
mentally tested and their mechanical properties were 
determined. Total 30 different samples are used to ob-
tained concrete classes of samples. While performing 
these tests, Turkish TS500 standard was considered and 
according to test results, average concrete class of these 
samples is obtained as C20. The material parameters of 
all carryings are carefully defined in the program. The 
analyses were first made for the empty status of the 
building considering 2018 Turkish earthquake code. 
Then, 30-ton machine load was applied to damaged floor 
of the structure and 3D model was analyzed taking into 
account this situation of the structure. According to anal-
ysis results, both situations of the structure are com-
pared in detail. 
 

3. Description and 3D Modelling of the RC Building 

Zonguldak Bulent Ecevit University Laboratory was 
constructed in Zonguldak province in 2009. It is located 
in the University campus. It is a reinforced concrete (RC) 
building and it has 4 different flats. First and second flats 
have very heavy machines which are located on the 
floors and these machines are very critical for civil engi-
neering technology. All flats have coffered slabs and 
these coffered slabs have very different thicknesses and 
mechanical properties from each other. These thick-
nesses are 12 cm, 14 cm, 15 cm, and 18 cm, respectively. 
Moreover, concrete classes of these slabs are C18, C20 
and C22, respectively. Zonguldak Bulent Ecevit Univer-
sity Laboratory building is shown in Fig. 1. Moreover, 
views of the laboratory building projects are presented 
for the first floor, second floor, third floor and fourth 
floor in Fig. 2. 

Building has 48 various columns and 88 different 
beams. Moreover, there are 37 various shear walls in this 
structure. Height of the first floor is 5 m and height of 
second, third and fourth floors are 5.2 m, 5.8 m and 4.2 
m, respectively. First flat is used for building materials 
laboratory. Second flat is used for construction technol-
ogy laboratory and other flats are constructed for office. 
While creating this structure, one floor of this building 
collapsed and this floor was rebuilt. This floor is at the 
third flat of this structure. Then, heavy machines had to 
be placed on this floor. This structure has been modelled 
by using 3D modelling approach. While performing mod-
elling, IDECAD static software is used. Firstly, foundation 
of structure is created according to original project. After 
columns and beams are modelled, coffered slabs are 
created in 3D model as seen in Fig. 3. Then, structure is 
analyzed for empty situation of the building. After that, 
machine loads are calculated and these loads are applied 
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to collapsed floor (Fig. 4) and building is analyzed ac-
cording to this situation. Moreover, fix boundary condi-
tions are defined under the foundation of the building. 
According to analysis results, both situations of the 
structure are compared in detail. 

 

4. Three Dimensional Analysis Results 

Examination of 3D damage performance of reinforced 
concrete (RC) buildings is very important for civil engi-
neers. Firstly, x-ray devices were used to determine cur-
rent situation of the rebars (Fig. 5). Then, the compressive 

strength of the carrying elements was determined with 
the Schmidt hammer device. With this device, 15 strokes 
were applied to each carrying element and concrete clas-
ses of these elements are obtained by this device. Ac-
cording to numerical analysis results, empty and full sit-
uations of collapsed floor are examined and compared 
with each other (Tables 1-8). In Tables 1-4, performance 
analysis results are shown for empty situation of the 
floor in detail. Moreover, 3D performance results are 
presented for full situation which there are machine 
loads on the floor in Tables 5-8. In the numerical results, 
empty situation of the floor is named as Case 1 and other 
situation is named as Case 2. 

 

Fig. 1. View of the Laboratory Building. 

 
Fig. 1. View of the Laboratory Building projects: a) First floor; b) Second floor; c) Third floor; d) Fourth floor. 

Laboratory Building 

a) 
b) 

c) d) 

Laboratory Building 
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Fig. 3. 3D model of Laboratory Building. 

 

Fig. 4. Machine load on collapsed floor.  

Collapsed floor 

a) b) 

c) 

Column 1 

Column 2 

Column 3 
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Machine Load 
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Fig. 5. Examination of carrying elements  
with X-ray device. 

In Table 1, numerical results of column 1 (Ni, V2i, V3i, 
M2i, M3i, Nj, V2j, V3j, M2j, M3j) are shown for Case 1 in 
detail. Maximum loads are marked in bold. In addition, 

these loads are presented for 8 different combinations of 
2019 Turkish Earthquake Code.  According to Table 1, 
maximum normal load (Ni) is -11.90 kN for G+Q+EY2 
combination and maximum shear load (Vi) is 5.24 kN for 
G+Q+EX2 combination. In addition, maximum moment 
load (Mi) is 5.71 kNm for G+Q+EY1 combination (Table 
1). Maximum normal load (Nj) for j direction of column 
1 is 12.42 kN for G+Q-EY1 combination and maximum 
shear load (Vj) is 4.69 kN. Besides, maximum moment 
load (Mj) is 7.81 kNm as seen from Table 1. 

In Table 2, three dimensional numerical results (Ni, 
V2i, V3i, M2i, M3i, Nj, V2j, V3j, M2j, M3j) for column 2 are 
presented for Case 1. -27.82 kN maximum normal load 
(Ni) is obtained for G+Q+EY1 combination. Moreover, -
4.21 kN maximum shear load (Vi) is obtained for 
G+Q+EY1 combination and maximum moment load (Mi) 
is 13.72 kNm for G+Q-EY1 combination. When compared 
Tables 1 and 2, column 2 has more normal load and mo-
ment value than column 1 as seen from Tables 1 and 2. 
Maximum normal load (Nj) for j direction of column 2 is -
12.16 kN. This load value is very close to column 1. Maxi-
mum shear load (Vj) is -3.31 kN and maximum moment 
load (Mj) is -3.40 kNm for G+Q+EY1 combination (Table 2).

Table 1. Numerical analysis results of Column 1 for Case 1. 

Load Ni V2i V3i M2i M3i Nj V2j V3j M2j M3j 

Unit kN kNm kN kNm 

G+Q+EX1 -11.25 4.74 1.12 2.79 2.77 4.71 1.12 1.03 1.17 7.81 

G+Q+EX2 -10.60 5.24 1.47 3.61 3.14 5.49 2.58 -1.08 1.25 4.91 

G+Q+EY1 -11.00 3.28 2.73 3.72 5.71 2.20 4.69 -3.59 2.39 2.99 

G+Q+EY2 -11.90 1.13 2.83 1.99 -5.35 8.49 3.42 -1.25 2.21 1.52 

G+Q-EX1 -11.25 -1.17 2.57 -1.29 -2.75 11.98 -2.61 2.47 2.36 -4.71 

G+Q-EX2 -11.69 -1.67 2.12 -1.01 -2.71 12.39 -2.02 1.39 3.37 -4.79 

G+Q-EY1 -5.60 0.29 -2.37 -2.43 -5.09 12.42 3.46 0.77 1. 44 -1.70 

G+Q-EY2 -4.70 0.44 -2.57 -2.74 2.73 11.67 2.29 3.24 -2.88 2.97 

Table 2. Numerical analysis results of Column 2 for Case 1. 

Load Ni V2i V3i M2i M3i Nj V2j V3j M2j M3j 

Unit kN kNm kN kNm 

G+Q+EX1 -12.46 -1.32 2.45 6.69 3.27 -5.97 -1.11 -3.31 -2.75 -0.82 

G+Q+EX2 -11. 53 1.17 1.15 5.17 3.26 -6.54 -1.18 -1.11 -2.54 -0.23 

G+Q+EY1 -27.82 -4.21 -1.68 3.87 -7.32 -12.16 -2.57 -1.29 -3.40 -0.64 

G+Q+EY2 -21.61 -3.99 -2.51 -4.98 -6.76 -11.19 -2.97 -1.77 -3.09 -0.72 

G+Q-EX1 -13.06 -2.71 -2.77 -4.36 -3.69 -4.97 -1.93 -1.63 -1.97 -0.06 

G+Q-EX2 -10.84 -2.77 -2.47 -5.19 -4.82 -6.18 -1.44 -1.51 -1.06 -0.59 

G+Q-EY1 -12.07 2.81 -1.14 -6.99 13.72 -7.83 -0.58 -1.19 -1.34 0.86 

G+Q-EY2 -10.37 2.36 -1.67 4.57 4.26 -2.37 -1.96 -1.97 -1.37 -0.47 
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According to Table 3, numerical results for column 3 
(Ni, V2i, V3i, M2i, M3i, Nj, V2j, V3j, M2j, M3j) are shown 
for Case 1. Maximum loads are marked in bold. In Table 3, 
maximum normal load (Ni) is -42.84 kN for G+Q+EY1 
combination. More normal load value is acquired for col-
umn 3, when compared columns 1, 2.  Moreover, maxi-
mum shear load (Vi) is 5.92 kN for G+Q+EY1 combination 

and maximum moment load (Mi) is 13.75 kNm for G+Q-
EY1 combination. Maximum normal load (Nj) for j direc-
tion of column 3 is 1.93 kN. This load value is very less 
from columns 1 and 2. Maximum shear load (Vj) is -1.99 
kN and maximum moment load (Mj) is 1.97 kNm (Table 
3). When compared Tables 1, 2 and 3, less moment val-
ues are obtained for j direction of column 3.

Table 3. Numerical analysis results of Column 3 for Case 1. 

Load Ni V2i V3i M2i M3i Nj V2j V3j M2j M3j 

Unit kN kNm kN kNm 

G+Q+EX1 -34.01 1.01 1.87 5.97 -2.75 1.52 -1.75 1.45 -1.58 1.97 

G+Q+EX2 -36.26 1.52 1.85 4.75 3.14 1.57 -1.65 1.53 -1.74 1.85 

G+Q+EY1 -42.84 -3.55 1.21 1.57 -11.96 1.59 -1.87 -1.26 1.73 1.56 

G+Q+EY2 -42.80 -2.74 1.47 1.41 -10.63 1.93 -1.21 -1.22 1.65 1.41 

G+Q-EX1 -39.71 1.73 -1.57 -4.17 3.93 1.34 -1.19 -1.78 1.58 1.29 

G+Q-EX2 -39.67 1.89 -1.96 -4.58 -3.29 1.08 -1.52 -1.89 1.82 1.87 

G+Q-EY1 -35.97 5.92 -0.63 -3.99 13.75 1.82 -1.48 1.55 -1.27 1.89 

G+Q-EY2 -35.88 4.28 0.39 -0.85 12.59 1.27 -1.99 1.23 -1.89 1.03 

 

In Table 4, numerical results of column 4 (Ni, V2i, V3i, 
M2i, M3i, Nj, V2j, V3j, M2j, M3j) are shown for Case 1. 
Maximum loads are marked in bold and these loads are 
presented for 8 different combinations of 2019 Turkish 
Earthquake Code. According to Table 4, maximum nor-
mal load (Ni) is -38.39 kN for G+Q+EY1 combination. 
Less normal load value is acquired for column 4, when 
compared column 3. Moreover, maximum shear load 

(Vi) is 5.88 kN for G+Q+EY1 combination and maximum 
moment load (Mi) is 15.87 kNm for G+Q-EY1 combina-
tion. Maximum normal load (Nj) for j direction of column 
4 is 3.99 kN. This load value is very less from columns 1 
and 2. Maximum shear load (Vj) is -1.91 kN and maxi-
mum moment load (Mj) is 1.95 kNm (Table 4). When 
compared Tables 1, 2, 3 and 4, maximum moment value 
for j direction is obtained for column 4.

Table 4. Numerical analysis results of Column 4 for Case 1. 

Load Ni V2i V3i M2i M3i Nj V2j V3j M2j M3j 

Unit kN kNm kN kNm 

G+Q+EX1 -32.15 2.58 3.78 5.47 4.87 3.52 -1.75 1.52 -1.67 -0.87 

G+Q+EX2 -33.58 2.41 2.94 4.95 5.24 3.08 -1.54 1.26 -1.89 -0.85 

G+Q+EY1 -38.39 -3.39 1.71 2.28 -11.86 3.57 -1.58 1.45 0.57 -1.56 

G+Q+EY2 -33.78 -3.85 -1.05 -3.87 -12.17 3.76 -1.79 -1.64 1.60 -1.33 

G+Q-EX1 -32.68 1.52 -1.87 -5.08 -5.46 3.99 -1.25 -1.52 1.58 -1.58 

G+Q-EX2 -33.54 1.22 -1.87 -5.87 -3.67 3.84 -1.05 -1.42 0.97 -1.38 

G+Q-EY1 -34.29 5.88 -1.97 -1.57 15.87 3.75 -1.91 1.55 -1.87 -1.95 

G+Q-EY2 -37.75 4.57 1.78 1.93 10.97 3.88 -1.72 1.26 -0.56 -1.56 

 

According to Table 5, numerical results of column 5 
(Ni, V2i, V3i, M2i, M3i, Nj, V2j, V3j, M2j, M3j) are shown 
for Case 2. In Table 5, maximum normal load (Ni) is -
22.97 kN for G+Q+EY2 combination. Moreover, maxi-
mum shear load (Vi) is 9.54 kN for G+Q+EX1 combina-
tion and maximum moment load (Mi) is 27.69 kNm for 
G+Q+EX1 combination. Maximum normal load (Nj) for j 
direction of column 5 is 21.54 kN. Maximum shear load 
(Vj) is 12.28 kN and maximum moment load (Mj) is 
11.59 kNm (Table 5).  

In addition, numerical results of column 6 (Ni, V2i, 
V3i, M2i, M3i, Nj, V2j, V3j, M2j, M3j) are shown in Table 
6. According to Table 6, maximum normal load (Ni) is -
26.88 kN for G+Q+EY2 combination. Moreover, maxi-
mum shear load (Vi) is -8.92 kN for G+Q-EX1 combina-
tion and maximum moment load (Mi) is -35.33 kNm for 
G+Q-EX2 combination. Maximum normal load (Nj) for j 
direction of column 5 is -14.44 kN. Maximum shear load 
(Vj) is -4.67 kN and maximum moment load (Mj) is -6.97 
kNm (Table 6). 
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Table 5. Numerical analysis results of Column 1 for Case 2. 

Load Ni V2i V3i M2i M3i Nj V2j V3j M2j M3j 

Unit kN kNm kN kNm 

G+Q+EX1 -13.58 9.54 1.63 8.78 27.69 10.64 12.28 -0.25 -1.58 11.59 

G+Q+EX2 -13.92 6.87 2.33 9.89 24.54 12.57 5.59 -0.15 -1.97 6.97 

G+Q+EY1 -21.05 1.99 5.24 12.62 -3.57 17.78 0.77 -1.68 -0.82 -3.98 

G+Q+EY2 -22.97 -1.57 6.85 16.48 -5.73 18.85 1.98 -1.48 -2.05 -1.85 

G+Q-EX1 -21.52 -5.26 -0.64 -9.04 -22.67 21.54 -4.56 -1.88 4.41 -5.57 

G+Q-EX2 -21.04 -6.47 -0.67 -10.07 -21.82 20.78 -5.87 -1.70 5.23 -4.80 

G+Q-EY1 -16.89 2.88 -4.62 -16.52 4.06 13.90 1.59 0. 06 4.52 3.05 

G+Q-EY2 -15.75 1.16 -5.27 -20.24 10.79 12.06 1.03 0.68 4.22 4.87 

Table 6. Numerical analysis results of Column 2 for Case 2. 

Load Ni V2i V3i M2i M3i Nj V2j V3j M2j M3j 

Unit kN kNm kN kNm 

G+Q+EX1 -14.25 4.52 5.55 19.52 13.05 -12.98 -3.00 -2.58 -5.87 -6.28 

G+Q+EX2 -16.63 4.72 6.56 18.05 20.77 -11.74 -3.65 -4.26 -5.52 -6.97 

G+Q+EY1 -26.88 -6.26 -2.78 -5.24 -33.52 -14.44 -4.67 -1.64 -1.67 -4.58 

G+Q+EY2 -24.57 -4.37 -1.99 -6.54 -32.72 -12.65 2.99 -1.58 -1.60 -5.54 

G+Q-EX1 -22.53 -5.16 -8.92 -24.65 -31.25 -12.25 -1.57 -1.57 -1.68 2.17 

G+Q-EX2 -23.17 -6.88 -7.59 -20.54 -35.33 -11.59 -1.88 -1.58 0.15 1.19 

G+Q-EY1 -11.19 6.80 -1.22 4.58 22.58 -12.88 1.82 -2.92 -4.65 -1.58 

G+Q-EY2 -15.65 1.71 1.27 7.55 10.89 -11.62 0.28 -1.57 -2.74 1.86 

 

According to Table 7, numerical results of column 7 
(Ni, V2i, V3i, M2i, M3i, Nj, V2j, V3j, M2j, M3j) are shown 
for Case 2. In Table 7, maximum normal load (Ni) is -
78.99 kN for G+Q+EY2 combination. Moreover, maxi-
mum shear load (Vi) is 19.98 kN for G+Q-EY2 combina-
tion and maximum moment load (Mi) is -54.88 kNm for 
G+Q+EY2 combination. Maximum normal load (Nj) for j 
direction of column 7 is 42.89 kN. Maximum shear load 
(Vj) is -6.91 kN and maximum moment load (Mj) is 7.58 
kNm (Table 7).  

In addition, numerical results of column 8 (Ni, V2i, 
V3i, M2i, M3i, Nj, V2j, V3j, M2j, M3j) are shown in Table 
8. According to Table 8, maximum normal load (Ni) is -
77.78 kN for G+Q+EY1 combination. Moreover, maxi-
mum shear load (Vi) is 12.88 kN for G+Q-EY1 combina-
tion and maximum moment load (Mi) is -52.91 kNm for 
G+Q+EY1 combination. Maximum normal load (Nj) for j 
direction of column 8 is 54.78 kN. Maximum shear load 
(Vj) is 6.92 kN and maximum moment load (Mj) is 5.92 
kNm (Table 8).

Table 7. Numerical analysis results of Column 3 for Case 2. 

Load Ni V2i V3i M2i M3i Nj V2j V3j M2j M3j 

Unit kN kNm kN kNm 

G+Q+EX1 -70.28 -1.57 9.85 36.25 -24.54 41.54 -4.85 5.28 6.37 5.58 

G+Q+EX2 -70.85 -2.58 9.74 36.64 -26.42 41.24 -4.80 5.52 7.58 6.45 

G+Q+EY1 -73.84 -15.97 -4.25 7.58 -52.27 42.67 -3.56 3.19 6.57 6.68 

G+Q+EY2 -78.99 -16.52 3.64 8.73 -54.88 42.89 -3.66 2.10 4.88 6.99 

G+Q-EX1 -73.95 3.27 -4.55 -37.34 26.89 39.52 -3.85 -6.91 2.28 3.82 

G+Q-EX2 -72.57 3.44 -9.41 -37.48 27.92 39.54 -4.57 -5.58 2.48 -2.58 

G+Q-EY1 -66.08 14.66 -4.58 -6.59 48.11 38.59 -4.12 -3.77 4.08 1.71 

G+Q-EY2 -62.57 19.98 -4.87 -8.85 50.57 38.97 -4.26 -2.52 4.14 -1.29 
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Table 8. Numerical analysis results of Column 4 for Case 2. 

Load Ni V2i V3i M2i M3i Nj V2j V3j M2j M3j 

Unit kN kNm kN kNm 

G+Q+EX1 -72.28 4.88 9.47 34.93 18.25 44.22 -1.67 6.92 5.38 2.52 

G+Q+EX2 -72.68 5.54 9.85 34.26 24.78 44.07 -2.58 5.23 5.92 2.25 

G+Q+EY1 -77.78 -9.46 -1.29 8.38 -52.91 54.78 2.77 2.67 4.47 2.29 

G+Q+EY2 -76.62 -9.67 -1.97 -8.18 -46.28 44.89 1.20 2.56 5.42 2.71 

G+Q-EX1 -73.05 -3.20 -9.97 -36.55 -36.44 43.55 -2.11 -4.29 2.50 5.85 

G+Q-EX2 -74.64 -3.58 -9.48 -35.22 -33.56 43.52 -2.13 -4.71 1.77 5.29 

G+Q-EY1 -69.17 12.88 -1.26 -8.20 45.69 41.17 -6.17 2.58 3.70 5.33 

G+Q-EY2 -69.28 10.45 -1.58 8.84 40.33 41.69 -4.59 2.93 2.59 5.19 

 

5. Conclusions 

In this study, it is aimed to understand and show how 
important the non-structural elements are for the bear-
ing capacities of the structures. For this purpose, in this 
study, Zonguldak Bulent Ecevit University laboratory 
building was selected for 3D modeling. After the building 
was modeled, machine load was given to the building 
and it was analyzed for two different situations (Cases 
1and 2). Empty floor is named as Case 1 and floor with 
machine loads is named as Case 2 in this study. Consid-
ering the results of the analysis, it will be useful to con-
sider the below suggestions: 
 As seen these numerical results, nonstructural ma-

chines clearly affect the carrying loads (Ni, V2i, V3i, 
M2i, M3i, Nj, V2j, V3j, M2j, M3j) on carrying elements 
of the reinforced concrete buildings.  

 When compared Cases 1 and 2, more normal loads are 
obtained for Case 2.  

 Buildings with significant machine loads, such as la-
boratories, should be modelled taking into account 
these machine loads. 

 It is obviously suggested that all machines on the 
damaged floor of the building must be removed. Be-
cause machine loads significantly increase the loads 
on all carrying elements. 
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A B S T R A C T 

In the context of this study, the design of L-shaped reinforced concrete retaining 
walls have been scrutinized parametrically depending on the simultaneous analysis 

of cost and sizing with the use of a recent optimization algorithm. The differences and 

restrictions of L-shaped reinforced concrete retaining wall design than classical T-

shaped walls have been also discussed. The foundation width and the thickness of 

the wall required for a safe design has been also investigated according to the change 
of excavation depth, the type of soil dominating field and the external loading condi-

tions. The observed results from optimization analyses shows that the variation of 

the shear strength angle is the most significant soil geotechnical parameter for sup-

plying an envisaged safe design against sliding, overturning and adequate bearing 

capacity. Concurrently, the excavation depth is the most important factor that is 

forming the necessity of the construction of the retaining structure and optimal di-

mension evaluation. It is also proved that the wall foundation width is the most ef-

fected dimension of the retaining structures by the change of design parameters and 

the cost difference is directly influenced by the change of sizing. A cost-effective wall 

design can be performed with the use of proposed optimization analysis is capable in 

a shorter time than the traditional methods. Eventually, it has shown that such opti-

mization methods may be useful to find the optimal design requirements for geotech-
nical engineering structures. 
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1. Introduction 

Retaining walls are basic type of civil engineering 
structures that are widely used to support excavation 
works or equipoise the lateral pressures when there is a 
difference in elevation. The main aim to construct a wall 
system is to resist lateral earth pressures with the self-
weight of the whole system (Coulomb, 1776; Rankine, 
1857; Boussinesq, 1882; Terzaghi, 1941). Depending on 
the project requirements, land ownership, environmen-
tal limitations and infrastructure locations it can be es-
sential to build the sections of the wall with re-
strictions. L-shaped reinforced concrete retaining walls 
are the most common types of these restricted support-
ing systems. In such a case, the toe of the wall system is 

not constructed and the stability of the wall is controlled 
according to this limited section. The term “stability” 
means to ensure not also geotechnical but also structural 
design requirements simultaneously. Geotechnical sta-
bility conditions necessitates to supply sliding, overturn-
ing and total failure safety. In addition to this, the sec-
tions of the wall have to procure adequate shear and mo-
ment capacities and the steel reinforcement has to sat-
isfy the relevant code requirements for reaching struc-
tural safety (Sasidhar et al., 2017). For a restricted type 
of retaining wall, it can be a significant problem to obtain 
stability conditions because the lack of one of the struc-
tural elements of the wall system causes to reduce resist-
ing forces of the wall. This condition contributes to en-
large the foundation heel of the wall unpredictably. 
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When this is the case, the construction works will not be 
economic. That’s why, to acquire optimum cost of the 
wall connected to safe design have to be the most im-
portant factor for both engineers and employers. Several 
different methods are preferred to procure cost and siz-
ing equilibrium depending on the advancements in com-
puter technologies. Particle swarm optimization (Ken-
nedy and Eberhart, 1995; Nedushan and Varaee, 2009), 
Genetic algorithm (Kalateh-Ahani and Sarani, 2019; Sas-
idhar et al., 2017; Holland, 1975; Kaveh et al., 2013), Big 
bang big crunch (Dorigo et al., 1996; Camp and Akin, 
2012), Harmony search algorithm (Geem et al., 2001; Ka-
veh and Abadi, 2011; Uray et al., 2019), Bat algorithm 
(Yang, 2010), simulated annealing (Ceranic et al., 2001; 
Yepes et al., 2008; Pei and Xia, 2012), Grey wolf optimi-
zation (Bekdaş and Temur, 2018), teaching learning 
based optimization (Bekdaş and Niğdeli, 2016; Bekdaş 
and Temür, 2017) techniques can be given as examples 
of applied new methods to the optimization problem of 
retaining walls.  

In the present study, L shaped retaining wall systems 
are parametrically designed taking into consideration 
the optimization of cost and sizing simultaneously. The 
focus point of the study is to obtain optimum design of 
restricted walls with the change of effective parameters 
on the envisaged design process. The effects of the 
change of soil properties, loading conditions and excava-
tion depth is taken into consideration through the ana-
lyzed 105000 different cases that are performed with a 
recently proposed algorithm called Jaya. The results of 
the optimization analyses have been shown with two 
steps. The first step is based on the evaluation of the 
change of design parameters on the costs and the second 
step is the achievement of design due to the variation of 
envisaged parameters. 
 

2. Methodology  

In the Fig. 1, the cross section of a standard L-shaped 
retaining wall and the mobilized loads that are effecting 
on the wall system is illustrated. In Fig. 1, the height of 
the wall stem (H), the excavation depth (h), the embed-
ment depth (d), the thickness of foundation base (x5), the 
foundation heel width (x1), the width of the stem at the 
base level (x4) and the width of the stem at the ground 
level (x3) is shown. Rankine Earth Pressure Theory is 
used to calculate active and passive earth pressure coef-
ficients Ka (tan2[45-Φ/2]) and Kp (tan2[45+Φ/2]). Wws 
and Wwf is the weight of the wall stem and the foundation 
base respectively. Wsa is the weight of the backfill soil re-
tained on the foundation heel. qmax and qmin is the base 
pressures acting through the foundation. Pt is the aver-
age value of base pressures acting from the center of the 
gravity of foundation. Psa, Psp is the lateral soil forces for 
active and passive state and they can be calculated by the 
use of Eqs. (1) and (2) for pure frictional soils. It is a well-
known issue that the passive lateral stresses are induced 
in relation to the embedment depth of the retaining 
structures. The activation of passive lateral earth forces 
causes to increase the resistance of the soil mass not to 
fail. But within the concern of this study, it is preferred 

not to use the passive earth pressures in stability analy-
sis to stay on the safer side.  

 2 20.5 tan ( 45 / 2 )a sP H   (1) 

 2 20.5 tan ( 45 / 2 )p sP H   (2) 

The term γs represents the unit weight of soil. An infi-
nite distributed external load qa is acted at the ground 
level and it is converted to horizontal load, Pqa by the 
multiplication of active lateral earth coefficient of back-
fill material. The integrated components of the lateral 
disturbing forces can lead wall to slide through the base 
of the wall foundation. The wall system has to acquire 
enough security to carry this kind of unbalanced lateral 
loads. Dividing the sum of lateral resistant forces to the 
sliding forces gives the degree of sliding safety (SFs). The 
heaviness of the wall, the foundation soil base friction 
and the passive forces (it is not taken into consideration 
for current study) generates the resistant forces. Beside 
these states, the lateral component of the soil active 
forces and the surcharge loads induce unbalanced 
forces. The activation of lateral forces both active and 
passive leads the wall to overturn about its toe point 
(point A in Fig. 1). Dividing the sum of the moments gen-
erated by the resistant forces to the moments that is try-
ing to slide the system, gives the safety degree for over-
turning behavior (SFo). In addition to these safety inves-
tigations, the bearing capacity failure has to be con-
trolled by the division of ultimate bearing pressure to the 
maximum mobilized soil base pressure through the base 
of the wall. The upper and lower bounds of the soil base 
pressure values can be determined by the use of tradi-
tional bearing capacity equations proposed for shallow 
foundations (Dembicki and Chi, 1989; Powrie, 1996; 
Bowles, 1988; Yıldırım, 2002). In this study, the men-
tioned safety control of the wall section is tried to be con-
trolled by the use of Jaya Algorithm that is proposed by 
Rao (2016) through the analysis conducted by Matlab 
Software. The logic of the Jaya Algorithm depends on the 
searching of the problem that has to be towards the best 
solution and has to stand aloof the worst solution which 
is used to choose the optimum sizing of the envisaged 
structure and to find minimum cost. The advantage of 
using Jaya Algorithm can be defined that it requires to 
identify the general control parameters as the number 
of generations and population size. Besides, no algo-
rithm-specific parameters, that are special parameters 
to control for different algorithms. Hence, it is only re-
quired to elementally select the common control pa-
rameters in the Jaya algorithm without having to define 
more complex control parameters in applications. By 
the way Jaya Algorithm can be applied to several real-
world optimization problems. That is the reason why to 
select the Jaya Algorithm to check the cost-effective de-
sign of L shaped reinforced concrete retaining walls in 
this paper. In the context of this study, in order to per-
form analysis with Jaya Algorithm for the evaluation of 
optimum sizing and cost relationship a certain flow has 
to be followed. Firstly the constant parameters of the re-
taining wall system, algorithm parameters, and the 
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ranges of the design parameters have to be defined and 
then the initial solutions are generated randomly. Until 
the attainment of stopping criteria, existing solutions are 
modified by the use of features of Jaya Algorithm. In con-
sequence of the obtainment of the stopping criteria the 
analyses are stopped. Six different design variables (X1, 
X3, X4, X5, X6, X7) are considered in order to perform the 
optimization analysis of L-shaped reinforced concrete 
retaining walls that are given in Table 1. The variables 
are divided into two sections according to the related pa-
rameters with cross-section and reinforced concrete de-
sign. The first variable set includes the length of the heel 
and the thickness of the stem at the top, at the bottom 
and foundation base respectively. The second set in-

cludes the area of reinforcing bars of the stem and foun-
dation heel. The design process begins with the scanning 
of safety values against the envisaged failure modes then 
if the satisfaction is gained it becomes necessary to de-
fine the implementation of the requirements of rein-
forced concrete. ACI 318-05 code is preferred to use be-
cause of its prevalent usage. This code proposes to define 
equivalent rectangular compressive stress distribution. 
As regards to the equivalent compressive stress distri-
bution, the moment capacity of the wall system can be 
determined and only the critical sections of the stem and 
foundation is checked for the design of the reinforce-
ment. The design constraints on strength and dimen-
sions are shown in Table 2.

 
Fig. 1. L-shaped retaining wall cross section and the load distribution mode of administration. 

Table 1. Definitions of L-shaped wall design variables. 

 Symbol Description of parameter 

Variables in relation to  
cross-section dimension 

X1 Length of the heel (x1) 

X3 Thickness of wall stem at the top (x3) 

X4 Thickness of wall stem at the bottom (x4) 

X5 Thickness of wall foundation (x5) 

Variables in relation to  
reinforced concrete design  

X6 Area of reinforcing bars of the stem  

X7 Area of reinforcing bars of foundation heel  

Table 2. Design constraints on strength and dimensions. 

Description Constraints 

Safety for overturning stability g1(X): FoSot,design ≥ FoSot 

Safety for sliding g2(X): FoSs,design ≥ FoSs 

Safety for bearing capacity g3(X): FoSbc,design ≥ FoSbc 

Minimum bearing stress (qmin) g4(X): qmin ≥ 0 

Flexural strength capacities of critical sections (Md) g5-7(X): Md ≥ Mu 

Shear strength capacities of critical sections (Vd) g8-10(X): Vd ≥ Vu 

Minimum reinforcement areas of critical sections (Asmin) g11-13(X): As ≥ Asmin 

Maximum reinforcement areas of critical sections (Asmax) g14-16(X): As ≤ Asmax 
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The objective function of the performed analysis is 
preferred to include only the material costs to compare 
the effects of variants of the design process. Material 
costs that consist of the sum of concrete and reinforcing 
steel bars are defined by using the costs per unit vol-
ume/weight. The mathematical expression of the recom-
mended objective function can be calculated by Eq. (3).  

min . .x concrete concrete steel steelf C V C W   (3) 

In this equation, Cconcrete is the unit cost of concrete and 
Csteel is the unit cost of steel material, Vconcrete is the vol-
ume of used concrete and Wsteel is the weight of used 
steel per unit length.  

 

3. Numerical Examples 

The proposed methodology is applied to randomly se-
lect numerical examples that have been conducted in or-
der to evaluate the effects of soil properties, surcharge 
loading conditions and excavation depth on the cost and 
sizing of L-shaped restricted retaining walls. The sur-
rounding soil, backfill soil and foundation soil are as-
sumed to be the same and they consist of pure frictional 

soils. The shear strength angle, unit weight of soil and ul-
timate soil pressure is taken into consideration as the 
variants of soil properties. The shear strength angle has 
been chosen from a range that is representing the 
strength characteristics of frictional soils loose to very 
dense in reference to Bowles (1988) (28° to 38°). The 
unit weight has been selected between 16 to 20 kN/m3 
to represent sandy soils and the ultimate soil pressure 
has been chosen 250, 300, 350, 400 kPa respectively for 
the analyzed cases. Excavation depth has been selected 
4, 6, 8, 10, 12 meters and the surcharge load have been 
assumed to act from the ground surface locating at the 
backfill side. The excavation depths have been selected 
within the scope of the existing limits of the national and 
international related literature. The absence of the sur-
charge load and the effects of 5, 10, 15 and 20 kPa load-
ing condition is investigated respectively. In the solution 
of the selected optimization cases, some constraints re-
lated to the dimensions of the wall system are applied. 
The lower and upper boundaries of top and bottom 
thickness of the wall stem is assumed to be between 0.2-
3 meters and the thickness of the foundation is taken be-
tween 0.2-10 meters for all optimization analyses 
(Bowles, 1988). Other restrictions about the material 
properties, the safety degrees and the costs are listed in 
Table 3.

Table 1. The design constants and design variables of retaining walls. 

Symbol Definition Value Unit 

μ Concrete-soil friction  tan (2/3) ϕ - 

fy Yield strength of steel 420 MPa 

f’c Compressive strength of concrete 25 MPa 

cc Concrete cover 30 mm 

Esteel Elasticity modulus of steel 200 GPa 

γsteel Unit weight of steel 7.85 t/m3 

γconcrete Unit weight of concrete 25 kN/m3 

Cc Cost of concrete per m3 75 $ 

Cs Cost of steel per ton 700 $ 

SFo Factor of safety for overturning 1.5 - 

SFs Factor of safety for sliding 1.5 - 

SFbc Factor of safety for bearing capacity 3.0 - 

4. Discussion and Results  

It is a well-known issue that in the design process of a 
retaining wall system, the excavation depth, the geotech-
nical properties of soil and the loading conditions are 
crucial parameters that are affecting the design of retain-
ing structures. In this respect, in this section it is aimed 
to control the effects of the mentioned parameters to the 
optimal cost effective design of L-shaped reinforced re-
taining walls. A great number of parametric analysis of 
envisaged different cases due to the changes in identify-
ing parameters has been performed taking into consid-
eration the constraints of the design. Totally 105000 op-
timization analysis is obtained and graphs are illustrated 
for selected special cases in order to describe the change 

of cost and sizing due to the related parameters. At the 
first step of the discussions, the change in total material 
cost is investigated and a number of specific reference 
cases are described to compare the influence rates of 
variants. At the second step, the change of wall sizing 
subjected to the variants is discussed with the calcula-
tion of foundation base thickness and total width.  
 
Step 1: Total material cost change of construction:  

In Fig. 2, the change in the total material cost of envis-
aged retaining wall design is taken into consideration 
against the increase of excavation depth with the change 
of the shear strength angle of the soil medium. The ulti-
mate soil base pressure is assumed to be constant (qs= 
250 kPa) and the external load is not existing. The unit 
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weight of the soil has assumed to be the third variable 
for the analysis and Fig. 2 is drawn for both 16 and 19 
kN/m3 values of unit weight. The lateral axes is fixed to 
reach the same numeric value to ease the comparison. It 
is very explicit to say that the increase of the excavation 
depth rises the costs as the same manner for all the fic-
tionalized cases. The change of soil unit weight hasn’t got 
a significant effect for the discussions made with the 
evaluation of same excavation depth. In order to com-
pare the influence rate of soil strength properties a ref-
erence constant excavation depth value can be selected 
and it can be seen that the strength of granular soil with 
the increase of shear strength angle leads costs to de-
crease. In conjunction with this, the influence ratio of 
shear strength angle increases with the increment of ex-
cavation depths. In all the cases except the case that the 
soil unit weight is 16 kN/m3 and the shear strength angle 
is 38°, there cannot be able to obtain a proper design that 
is supporting 12 meters excavation depth due to the lack 
of technical adequateness (either geotechnical or static 
design safety requirements) within the limits of defined 
design variables. This situation can be categorized for 
procuring design restraints of L-shaped reinforced con-
crete retaining walls and maybe a limitation with a func-
tion of excavation depth can be asserted for defining the 
constructability of L-shaped walls. In Fig. 3, the change 
of total cost against the change of external loading con-
ditions are given for two different excavation depth as-
sumptions. The first case is defined for 4 meters and the 
second case is defined for 8 meters excavation depths. 
The ultimate base bearing capacity and the cost of con-
crete is assumed to be constant and selected to be 250 
kPa and 75$ respectively.  

On the other hand, the columns that are numbered be-
ginning from 1 to 5 is representing the change of total 
costs against shear strength angles. It has to be noted 
that the numerical boundary values of the vertical axes 
of the graphs are different from each other. It is clear to 
say that the increase of external loading conditions leads 
to rise the total costs. But the incremental steps of total 
costs are dedicated to the change of soil strength. The in-
crease of soil shear strength causes to decrease the rela-
tive cost change between the identified loading condi-
tions. According to the analysis performed in the context 
of this paper, the maximum relative total cost change is 
occurring 49% rate and it comprised for the increasing 

excavation depths via the smallest shear strength angles 
(for example, the case of H=8 m and Φ=28°). In addition 
to this, the relative cost change for 4 meters is incontro-
vertibly important. The increase of soil shear strength 
from 28° to 38° leads relative cost change rates to de-
crease 37% to 25%. In such a case that evaluating the 
same external loading conditions for different shear 
strength values causes to change relative costs. The rel-
ative cost change is 34% for the case that the excavation 
depth is both 4 and 8 meters and the surcharge loading 
is constant 20 kPa. The absence of external loading 
causes to decrease the relative difference between the 
costs. In the case that the increase of friction 28° to 38° 
leads the relative difference change to become 27% for 
both excavation depths. Fig. 4 illustrates the total cost 
change against the unit weight of soil. Two different soil 
shear strength angles are selected to interpret the dual 
effects of soil characteristics. Soil unit weight is assumed 
to be 15, 16, 17, 18, 19, 20 kN/m3 respectively. The re-
sults of the consideration of the increase of the soil unit 
weights individually and the comparability of them with 
the smallest value of the selected unit weights show a 
uniform increment of total costs with the increasing den-
sity. For the constant excavation depth H=4 m, the rela-
tive total cost change for Φ=30°, begins with 3% for γ=15 
kN/m3 and reaches 25% for γ=20 kN/m3. The increase 
of excavation depth to 8 meters causes to rise relative 
cost change 5% to 29 for γ=15 kN/m3 to 20 kN/m3 re-
spectively. Generally, it can be said that the increase of 
soil unit weight with the decrease of soil strength causes 
to raise the material costs. In Fig. 5 the change of total 
costs against the ultimate soil base pressure is shown 
due to the change of excavation depths. Excavation 
depths have been considered 4 meters and 8 meters re-
spectively and other design variants are taken as con-
stant values. The unit weight of soil is assumed to be 19 
kN/m3, the shear strength angle is 35° and no external 
load application is occurred. Ultimate base pressure is 
representing an upper boundary for foundation bearing 
pressure which is used to control bearing capacity fail-
ure of structures supported on or in soils. This failure 
control is conducted by the comparison of the calculated 
ultimate value of base pressure with the envisaged value 
of bearing capacity of soil. The calculated value of base 
pressure has to be smaller than the ultimate bearing 
pressure of soil.

  

Fig. 2. Change of total cost against excavation depth and internal friction angle. 
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Fig. 3. Change of total cost against surcharge loading and internal friction angle. 

  

Fig. 4. Change of total cost against the unit weight and internal friction angle of soil. 

  

Fig. 5. Change of total cost against the ultimate soil base pressure and the excavation depth.

In case that the excavation depth is selected 4 meters, 
the change of ultimate bearing pressure hasn’t got any 
effect on the cost of the system. This condition is hap-
pened due to the minority of the obtained design section 
weights with optimization technique. It can be said that 
the optimized structural design not causes to reach the 
ultimate base pressure of the soil medium for smaller ex-
cavation depths. But the increase of the excavation depth 
leads the behavior tendency to become dependent on the 
ultimate bearing pressure of the soil based on the in-
creasing area of the structural design. The increase of the 
envisaged ultimate soil bearing pressure causes the de-
sign to become narrow and cost effective until reaching 
a boundary value. It can be said that after 350 kPa value 
of ultimate bearing pressure (from Fig. 5) the design of 
the system is not needed to be changed. After 350 kPa of 

ultimate bearing pressure the system is not needed to be 
changed and the cost is constant and equal to 720$. The 
increase of ultimate soil bearing pressure from 250 kPa 
to 350 kPa reduces the total costs of the structural design 
approximately 15%.  
 
Step 2: The change of wall sizing: 

The change of wall sizing based on optimal design of 
L-shaped walls have been evaluated by the use of the 
change of foundation dimensions. Foundation width and 
thickness is used as affected design parameters from 
variants of this paper. In Fig. 6 the change of wall base 
width against soil shear strength angle is illustrated with 
change of excavation depths. Two different excavation 
depths are assumed to be used to being a reference (H= 
4 and 8 meters). The unit weight of the soil is assumed to 
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be 16 kN/m3 and the ultimate soil bearing pressure is se-
lected 250 kPa as a constant. The absence of external 
surcharge loading is taken into consideration and evalu-
ations are done according to the change of shear 
strength angle. In Fig. 6, it can be said that doubling the 
depth of excavation affected the base width at a similar 
rate. The change of internal friction angle for the cases 
that are in prospect hasn’t got a significant effect as the 
change of excavation depth on the dimensions of foun-
dation base. In such a case that is assumed to stay the 
same excavation depth, the influence of the change of the 
shear strength angle between the upper and lower limits 
is nearly calculated 33%. In addition to this, the change 
of the width of the foundation is nearly calculated 52% 
for the cases that the change of excavation depth is eval-
uated based on a constant value of the shear strength an-
gle.  

As a result, it can be seen from Fig. 6, the duplication 
of the excavation depth causes to twice the wall base 
width. In Fig. 7, the change of wall base thickness is illus-
trated against the change of shear strength angle and ex-
cavation depth. The values that are assumed to be con-
stant for the previous case is taken at the same for Fig. 7. 
The change of internal friction angle for H=4 meter con-
dition, hasn’t got any effect on the design of the thickness 
of the foundation. But the deepening of the excavation 
depth causes to increase the thickness of the foundation 
base to ensure stability conditions because only the rise 
of the width of the foundation cannot supply the essen-
tial resistance that are required for the structural safe 
design. For the smallest internal friction angle (Φ=28°), 
the duplication of the excavation depth causes to in-
crease the thickness of foundation twice and besides this 
the increase of shear strength angle to the envisaged 
highest value (Φ=38°) causes to increase the thickness 
25%. In Fig. 8 and Fig. 9, the effect of the change of the 
soil unit weight on the dimensions of the wall is investi-
gated for 4 and 8 meters excavation depths respectively. 
Shear strength angle (Φ=28°) and ultimate soil bearing 
capacity (qs=250 kPa) is assumed to be constant and the 
absence of external load application is evaluated. In Figs. 
8 and 9, it is clear to say that the change of foundation 
width is dominant than the changes in foundation thick-
ness based on the difference of unit weight of soil. Fig. 8, 
shows that the increase of soil unit weight leads to the 
increase of foundation width 6% and the foundation 
thickness is not affected by the difference of soil unit 

weight. But in Fig. 9, it can be seen that the change of soil 
unit weight changes both the foundation thickness and 
the foundation width with 6% level. Figs. 10 and 11 rep-
resents the change of soil base ultimate bearing pressure 
to the wall dimensions for the conditions that the exca-
vation depth is assumed to be 4 and 8 meters respec-
tively. The ultimate bearing pressure values are variants 
of the cases and they have selected 250, 300, 350 and 
400 kPa. The constant parameters of the case are se-
lected the unit weight of soil (19 kN/m3), the shear 
strength of soil (Φ=35°) and the absence of external load 
application is taken into consideration. In Fig. 10, it will 
be proper to say the change of ultimate bearing pressure 
is an ineffective design parameter for relatively shallow 
excavation depths. But Fig. 11, represents a significant 
influence of ultimate bearing pressure on the design for 
relatively deep excavation depths for the selected cases. 
Due to Fig. 11, the required thickness and width of the 
wall base are decreased, by increasing the ultimate bear-
ing pressure. Analysis that is conducted to obtain the 
change of external load magnitude on the design shows 
that the thickness of the foundation is not affected by 
loading magnitude. Therefore in Fig. 12, only the change 
of foundation width is shown for different external load 
applications. The change of foundation width is demon-
strated with the dual evaluation of both shear strength 
angle and excavation depth. The excavation depth has 
been selected 4 and 8 meters like the before mentioned 
other cases. The ultimate soil bearing pressure is 250 
kPa and the unit weight of the soil is selected 19 kN/m3. 
The absence of external loading and 5, 10, 15 and 20 kPa 
external loading conditions are treated respectively in 
the analysis. In Fig. 12, the vertical axes of the given 
graphs are different. In such a case that the excavation 
depth is 4 meters and the shear strength angle is 28°, the 
increase of external loads from 0 to 20 kPa causes to en-
large the foundation depth by 24%. If the shear strength 
angle increased to 38°, the increase of external loads 
from 0 to 20 kPa leads the foundation width to enlarge 
by 19%. The deepened the excavation depth results an 
important influence of external loads to the width of the 
foundation. In cases which the excavation depth is 8 me-
ters and internal friction angle is selected 28°, the rise of 
external load from 0 to 20 kPa produces an increment on 
the foundation width by 47%. If the shear strength angle 
is assumed 38°, the rise of the external load causes to in-
crease the dimension of foundation by 33%.

  

Fig. 6. Change of the wall base width against soil shear strength angle and the excavation depth. 
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Fig. 7. Change of the wall base thickness against soil shear strength angle and the excavation depth. 

  

Fig. 8. Change of wall sizing against soil unit weight (H=4 m). 

  

Fig. 9. Change of wall sizing against soil unit weight (H=8 m). 

  

Fig. 10. Change of wall sizing against the ultimate base pressure (H=4 m). 
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Fig. 11. Change of wall sizing against the ultimate base pressure (H=8 m). 

  

Fig. 12. Change of the width of the wall base against surcharge loading, internal friction angle and the excavation depth.

5. Conclusions 

In the present study, innumerous optimization analy-
sis is performed with Jaya Algorithm to find the cost ef-
fective sizing of L-shaped restricted reinforced concrete 
retaining walls. The vital point of the study is to investi-
gate the influence rates of design parameters on the op-
timization process of the walls based on the applicable 
restrictions of L-shaped walls. Five different shear 
strength angles, four different ultimate base bearing 
pressures and five different soil unit weights have been 
used to derive various design cases to generate the em-
bedding soil medium of retaining structures. Besides 
these, five different external surcharge loading condition 
is formed and five different excavation depths are com-
pared with each other to control the parameter selection 
importance on design and cost balance. The analysis re-
sults have shown that the most influencer parameter on 
the design of L-shaped reinforced concrete retaining 
walls is the excavation depth. The deeper the excavation 
depth leads to widen the foundation width and causes 
the increase of costs in relation with the sizing. Besides 
this the shear strength angle has been found as the sig-
nificant soil parameter which is changing the design en-
tirely. The foundation width and the thickness of the 
foundation base is both affected by only the change of 
soil friction for the constructions done in granular soils. 
The unit weight change of the soil medium has only an 
effect on the width of the foundation. The increase of the 
soil unit weight causes to widen the foundation due to the 
increased lateral earth pressures. The effect of ultimate 

base bearing pressure can be the least effective soil pa-
rameter to obtain the optimal design. But the effect of the 
ultimate bearing pressure might have been relatively 
significant if the wall construction reached a limit height 
which can be changed according to the design require-
ments. The increase of the wall height has led the in-
crease the vertical resisting forces with the increase of 
wall weight and this situation also has increased the lat-
eral soil pressures. Besides this condition, the existence 
and increase of external surcharge loads cause to de-
crease the safety value against sliding, overturning and 
adequateness of ultimate soil base pressure. Because the 
increase of external loads at the backfill side of the wall 
system causes to increase the lateral forces and attain the 
structure unstable condition. Differently from this men-
tioned conclusion, it is obvious to say that the design of L-
shaped walls are separated from T-shaped walls by the 
restriction of foundation base. Due to this restriction, it is 
hard to acquire essential structural strength and related 
geotechnical design to resist lateral earth with classical 
pre-design methods. So, this study represents the ad-
vantage of optimization techniques that are providing 
compatible and time-effective solutions for observing   
the limitations of design. In this study, the analysis is con-
ducted for the excavation depths between 4-12 meters 
but it cannot be able to obtain an appropriate design that 
is supporting 9, 10 and 12 meters excavation depth due 
to the lack of technical adequateness (either geotech-
nical or static design safety requirements) within the 
limits of defined design variables. In addition to all these, 
the present study is original because of the usage of a 



 Kayabekir et al. / Challenge Journal of Structural Mechanics 6 (3) (2020) 140–149 149 

 

recently developed algorithm Jaya to a special type of a 
retaining wall. So it can be assumed that the present 
study is representative to show the applicability of this 
algorithm to special retaining wall designs. The advantage 
of optimization application according to the other limit 
state based retaining wall design software is to investi-
gate the safe design requirements and to discuss the in-
fluencer parameters with time and cost effectiveness. 
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A B S T R A C T 

Critical deflection and stress values of perforated circular plates under loads has an 
important role on the design criteria. For the perforated circular plates, the basic 

problem is determining how they have a perforation schema for the most suitable 

design. For this purpose, 10 different perforated circular plate models were pre-

sented and their static analysis was studied. All of the models have the same open 

area percentage but different number of holes. In this way, it was more convenient 

to compare the results. The circular plates were analyzed under their self-weight and 

uniformly distributed load with different nine thickness to diameter ratios obtained 

based on Classical Plate Theory. In addition, two set of analyses have been performed 

on the circular plates for fixed supported and simply supported boundary conditions. 
As an example, for the 6th model critical displacement and stress values under self-

weight and under uniformly distributed load are investigated in detail. Designers of 

perforated circular plates can use the graphics presented in this study. The present 

study also purposes the shape optimization of thin circular perforated plates with 

round and staggered holes. 
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1. Introduction 

Circular plates are common in many structures. They 
are used such as nozzle covers, end closures in pressure 
vessels, and bulkheads in submarines and airplanes, re-
actors, heat exchangers, and distillation towers (Jawad, 
2010). 

There are many practical applications of perforated 
plates because of their advantages. They let flow of light 
and air. They have a resistant to high/low temperature 
and corrosion. They have light weight and they have a 
low cost. Also, in the architectural applications - office 
buildings, hospitals, educational establishments, air-
ports, stations etc. - perforated plates are can be used as 
a ceilings, floors, dividers, walls etc. Many equipment as 
speakers, furniture, dryers, light fixtures etc. are made of 
perforated plates. Also daily use areas are very wide in-
cluding electrical components, agricultural equipment, 
mining, food processing equipment, vehicles as well as 
other machines. 

Studies about perforated circular plates with a serial 
solutions are not found in abundance in literature. 

Timoshenko and Woinowsky-Krieger (1959), wrote 
the basic reference for plates and shells. Many authors 
have interested in bending of perforated plates. Harrop 
and Abdul-Karim (1967), investigated the deflections 
and stresses for circular plates with square pitch perfo-
rations. The plates are subjected to uniform lateral pres-
sure. They also compare the results with experimental 
results obtained by other investigators on three plate 
models. Murakami and Konishi (1982), studied about an 
elastic-plastic constitutive equation for transversely iso-
tropic materials and as an application of the resulting con-
stitutive equation, elastic-plastic bending of perforated 
circular plates is analyzed by modelling them by equiva-
lent homogeneous transversely isotropic plates. Albayrak 
and Saraçoğlu (2011, 2018) and, Saraçoğlu and Albayrak 
(2016, 2017, 2018), were interested in plates with mul-
tiple holes and published some research articles about 
their subject. Wu et al. (2003), present a mathematical 
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model of axisymmetric elastic/plastic perforated circu-
lar plate bending and stretching is developed which ac-
counts for through thickness yielding, through thickness 
variations in perforation geometry, elastic outer edge re-
straint, and moderately large deflections. Atanasiu and 
Sorohan (2016), studied the displacements and stresses 
distribution in bending of perforated circular plate in 
their work using the finite element analysis (FEA) and 
experimentally by holographic interferometry. Azelmad 
et al. (2018), proposed a 2D typical model for the numer-
ical simulation of the circular clamped perforated thin 
plates behavior in the elastic and elastoplastic domains. 
Their problem model is based on the real geometry of 
plates. The model takes into account different perfora-
tion distribution patterns and ligament factors. Also it is 
then validated by experiments. Konieczny et al. (2020), 
presented an analysis of an isotropic circular axisym-
metric perforated plate loaded with concentrated force 
applied in the geometric center of the plate using finite 
element software ANSYS. The results of numerical calcu-
lations were compared and verified with experimental 
results. 

In addition to theoretical studies, there are also stud-
ies that carry out experimental studies about this subject 
takes place in the literature. Osweiller (1989), presented 
some curves about the effective elastic constants based 
on consistent theoretical and experimental results in his 
study. These curves allow one to determine accurate and 
confident effective elastic constants and they were some 
help to engineers concerned with the design of multi- 
perforated plates. Solar and Hill (1976), analyzed the 
perforated plates for tubesheet design in their study. 
And also a simple analytical expression is proposed to 
determinate the effective bending stiffness of a perfo-
rated plate in the paper. Achtelik et al. (2008), presented 
a paper about elaborating the methodology of empirical 
studies in perforated plates centrally loaded by a con-
centrated force. They also presented experimental re-
sults to verify the mathematical model proposed in a 
companion paper. 

There are a considerable number of studies that per-
form dynamic analysis as well as static analysis. Civalek 
and Çatal (2003), studied numerical solution to static 
and free vibration analysis of thin circular and annular 
plates having various supports and load conditions are 
obtained by the method of Harmonic Differential Quad-
rature (HDQ). Mishra and Das (1971), studied about free 
vibrations of isotropic nonhomogeneous circular plates 
and discussed the transverse vibration of nonhomogene-
ous free circular plate in their paper. Jhung et al. (2006), 
investigated free vibration analysis of perforated plate 
and in their study the equivalent material properties of 
perforated plates are suggested by performing several fi-
nite element analysis with respect to the ligament effi-
ciencies. Jhung and Jo (2006), suggested the equivalent 
material properties of a perforated plate by performing 
several analyses with respect to ligament efficiencies. 
Jhung et al. (2009), studied about equivalent material 
properties of perforated structures. Lee and Chen 
(2011), in their paper theoretically derived the natural 
frequencies and natural modes of a circular plate with 
multiple circular holes and numerically determined. 

Dinkar (2015), study about vibration analysis of perfo-
rated plates in his doctoral thesis. Senjanovic et al. 
(2017), investigate the vibration analysis of thin circular 
plates with multiple openings. They use the assumed 
mode method and evaluate the results through their 
comparison with an analytical and finite element 
method solution. Jeong and Jhung (2017), have pre-
sented free vibration analysis of partially perforated cir-
cular plates with a triangular hole pattern and clamped 
boundary condition. They proposed a theoretical 
method and compare the results with finite element 
method solutions. 

In this study, the effect of perforation pattern in per-
forated circular plates is investigated. For this purpose, 
ten perforated plate models were produced and stati-
cally analyzed under their self-weight. The finite element 
software ANSYS workbench was used to analyze the de-
flection behavior of thin circular plates with open holes 
in bending, and put forth a suitable perforation pattern 
for a perforated circular plate was proposed. 
 

2. Material and Methods 

Deformations and stresses in a plates are calculated 
by using a plate theory. Various plate theories have been 
developed since 19th century. In engineering two of them 
are widely used. One of them is named Kirchhoff–Love 
plate theory and also named as Classical Plate Theory 
(CPT). The other is named as Mindlin–Reissner plate the-
ory and also named as First-order Shear Deformation 
Plate Theory (FSDPT). Every theory has different as-
sumptions. In this study perforated circular plates are 
analyzed using CPT. In this theory the following kine-
matic assumptions are made:  
 Straight lines normal to the mid-surface remain 

straight after deformation. 
 Straight lines normal to the mid-surface remain nor-

mal to the mid-surface after deformation. 
 The thickness of the plate does not change during a 

deformation. 
In CPT, thickness to width ratio of a plate structure is 

have to be between 1/150 and 1/20. 
The equations developed with reference to Cartesian 

coordinates are not convenient for the analysis of circu-
lar plates (Bhaskar et al., 2014). Therefore, the differen-
tial equations for the bending of a rectangular plate have 
to be transform to the polar coordinates for circular 
plates. 

For the analysis of stress and displacement distribu-
tion of circular plates under loads, the derived differen-
tial equations of circular plates must have to be solved. 
These equilibrium equations of plates was made around 
1900 by Love. These investigations were made for vari-
ous boundary conditions and loadings. 

When the load is symmetrically on the axis perpen-
dicular to the circular plate through its center, the de-
flection surface is bent also symmetrically. So that, all 
points which have equal distance from the center of the 
plate the deflections will be the same as can be seen at 
Fig. 1. 
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Fig. 1. Deflection of a circular plate. 

The governing differential equation of a circular plate 
in cylindrical coordinates is given in Eq. (1):  
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dr
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dr
[
1

r

d

dr
(r

dw

dr
)]} =

q

D
 (1) 

In this equation w is the deflection of the plate, r is the 
radius coordinate of the circular plate, q is the intensity 
of loading and D is the flexural rigidity of the plate for-
mulated at Eq. (2) dependent to E modulus of elasticity, 
υ Poisson’s ratio and h plate thickness.  

𝐷 =
𝐸ℎ3

12(1−𝜈2)
 (2) 

Considered coordinates for circular plates with fixed 
supported and simply supported boundary conditions 
are shown in Fig. 2.

 
(a) Fixed supported        (b) Simply supported 

Fig. 2. Coordinates of a circular plate.

3. Numerical Applications 

For demonstrating the differences between perfora-
tion patterns ten models were produced systematically 

as shown in Fig. 3. Firstly, a non-perforated circular plate 
with no holes is taken as a reference plate. These models 
were subjected to bending analysis under their self 
weights.

 

Fig. 3. Models of perforated circular plates.  
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Stress and displacement analysis of these models in-
vestigated and mid-point deflections and stresses are 
calculated. Circular plates are considered as they are thin 
plates. Nine different thickness to diameter ratio of these 
thin plate structures is taken into account as 2/300, 
3/300, 4/300, 5/300, 6/300, 8/300, 10/300, 11/300 
and 14/300 respectively. The solutions were developed 
for boundary conditions of simply supported and fixed 
supported. 

The circular plate models are assumed to have the ra-
dius of 150 mm and made of steel material. The material 
parameters of the steel plates are assumed as shown in 
Table 1. 

Table 1. Material properties of the perforated steel plate. 

Property Value 

Young's modulus, E (GPa) 200 

Poisson's ratio, υ 0.3 

Mass density, ρ (kg/m3) 7850 

Shell181 has a capability for analyzing thin to moder-
ately-thick shell structures. It is defined by four nodes. 
There are six degrees of freedom at each node as: rota-
tions about the x, y and z axes, and translations in the x, y 
and z directions. 

Triangular free mesh is used in free meshing opera-
tions. In the example models 1mm finite element mesh 
size is used. 

After preprocessing the problem in the program, 
static analysis was performed and the results of defor-
mations and stresses were obtained from the program. 

Stress output for SHELL181 element is as follows: 
σx is normal stress due to X axis (SX) 
σy is normal stress due to Y axis (SY) 
τxy is shear stress (SXY) 
Number of holes, radius of the circular holes and total 

hole area is dependent to the model number n. In all of 
the perforated circular plate models % open area is the 
same as shown in Table 2. 

Analyses of these models ANSYS software was used. This 
finite element software has various elements in the ele-
ment library for static and dynamic analyses. For this study 
Shell181 is the most suitable element for the problem. 

Table 2. Total hole areas for the models.  

Model No Number of holes Radius Total hole area 

0 0 0.0000 0*π*02 

1 4 37.5000 4*π*37.50002 

2 16 18.7500 16*π*18.75002 

3 36 12.5000 36*π*12.50002 

4 64 9.3750 64*π*9.37502 

5 100 7.5000 100*π*7.50002 

6 144 6.2500 144*π*6.25002 

7 196 5.3571 196*π*5.35712 

8 256 4.6875 256*π*4.68752 

9 324 4.1667 324*π*4.16672 

10 400 3.7500 400*π*3.75002 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

n (2*n)2 R/(4*n) (π*R2)/4 

4. Results and Discussion 

Although the plate models in this study have the same 
arrangement they have different number of holes. The 
circular plates examined to different number of holes as 
4, 16, 36, 64, 100, 144, 196, 256, 324, 400, respectively 
and radius and locations are also different. As seen from 
the Table 2, % open areas of the models are exactly same. 
Analyze results evaluate how the perforated circular 
would perform under self-weight. The results can be ex-
amined under two headings, namely displacements and 
stresses. 

4.1. Displacements under self-weight 

Fig. 4 shows comparison of mid-point deflections for 
fixed supported and simply supported non-perforated 
and perforated circular plates according to ten models 
with different nine thickness to diameter ratios obtained 
by ANSYS with solutions based on CPT. 

It can be seen from the Fig. 4 that mid-point deflec-
tions of the circular plates have almost the same value 
for the models greater than 6th model. 

Critical displacements for non-perforated and perfo-
rated (6th model) circular plates are given in Table 3.  
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Fig. 4. Midpoint deflections of fixed supported and simply supported non-perforated  
and 10 perforated circular plate models according to thickness to diameter ratios. 

Table 3. Critical displacements of the plates under self-weights (mm). 

h/D 
Fixed Supported Simply Supported 

non-perforated perforated non-perforated perforated 

2/300 -0.008318 -0.011111 -0.033893 -0.047570 

3/300 -0.003701 -0.004989 -0.015067 -0.021177 

4/300 -0.002085 -0.002833 -0.008478 -0.011930 

5/300 -0.001337 -0.001828 -0.005429 -0.007647 

6/300 -0.000930 -0.001280 -0.003772 -0.005318 

8/300 -0.000526 -0.000730 -0.002125 -0.003000 

10/300 -0.000339 -0.000473 -0.001362 -0.001925 

11/300 -0.000282 -0.000393 -0.001127 -0.001593 

14/300 -0.000176 -0.000247 -0.000698 -0.000988 

Displacement values for all points of fixed and simply 
supported perforated (6th model) circular plate for 
D/h=150 under self-weights is shown in Fig. 5. 

4.2. Displacements under uniformly distributed load 

Displacements under uniformly distributed 
q=1kN/m2 load has been performed on the two set of 
plates for fixed supported and simply supported non-
perforated and 6th model perforated circular plates. 

The critical displacements of the circular plates 
loaded with uniformly distributed load are shown in Ta-

ble 4 with two support conditions. The maximum deflec-
tion is occurs at the midpoint of the circular plate and 
smaller than the thickness of the plate. 

4.3. Stresses under self-weight 

Stress distribution for the perforated circular holes 
under self-weights is more complex than the deflection 
distributions. 

In Fig. 6, minimumSX and maximumSX stress values of 
non-perforated circular plate and ten models of fixed and 
simply supported perforated circular plates are shown.   
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MinimumSY and maximumSY stress values of non-
perforated circular plate and ten models of perforated 
circular plates are shown in Fig. 7. 

MinimumSXY and maximumSXY stress values of non-
perforated circular plate and ten models of perforated 
circular plates are shown in Fig. 8. 

As an example stress distribution of reference (non-
perforated) and 6th model (perforated) plate for 
D/h=150 is shown in Fig. 9. In the example variation of 
stresses along line from point (0,0,0) to point (150,0,0) 
for perforated and non-perforated reference plates un-
der their self-weights are given. 

Similar to fixed supported plates, variation of stresses 
for simply supported circular plates are also given in 
Fig. 9. 

From the graphs it can be inferred that there are large 
stress jumps on the perimeters of the holes.  

The critical stresses of the circular plates under self-
weights are shown in Table 5 with two support condi-
tions. Circular plates are taken as non-perforated and as 
an example for 6th perforated model. 

Stress values for all points of fixed and simply sup-
ported perforated (6th model) circular plate for D/h=150 
under self-weights is shown in Fig. 10.

      
           fixed supported              simply supported 

Fig. 5. Displacement values of fixed and simply supported perforated (6th model) circular plate  
for D/h=150 under self-weights. 

 

 

Fig. 6. MinimumSX and MaximumSX stress values of fixed supported and simply supported non-perforated  
and 10 perforated circular plate models. 
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Table 4. Critical displacements of the plates loaded with uniformly distributed load (mm). 

h/D 
Fixed Supported Simply Supported 

non-perforated perforated non-perforated perforated 

2/300 -0.054028 -0.072168 -0.220140 -0.308970 

3/300 -0.016025 -0.021603 -0.065242 -0.091695 

4/300 -0.006770 -0.009199 -0.027534 -0.038743 

5/300 -0.003473 -0.004750 -0.014104 -0.019866 

6/300 -0.002014 -0.002771 -0.008166 -0.011513 

8/300 -0.000854 -0.001185 -0.003450 -0.004871 

10/300 -0.000441 -0.000615 -0.001770 -0.002501 

11/300 -0.000332 -0.000465 -0.001331 -0.001882 

14/300 -0.000164 -0.000230 -0.000648 -0.000917 

 

 

Fig. 7. MinimumSY and MaximumSY stress values of fixed supported and simply supported non-perforated  
and 10 perforated circular plate models. 

 
Fig. 8. (continued) 
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Fig. 8. MinimumSXY and MaximumSXY stress values of fixed supported and simply supported non-perforated  
and 10 perforated circular plate models. 

 

 

Fig. 9. Stress values of fixed supported and simply supported non-perforated  
and perforated (6th model) circular plate for D/h=150. 
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non- 

perforated 
perforated 

non- 

perforated 
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non- 

perforated 
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fixed supported 

           
simply supported 

Fig. 10. Stress values of fixed and simply supported perforated (6th model) circular plate  
for D/h=150 under self-weights.

4.4. Stresses under uniformly distributed load 

Stresses under uniformly distributed q=1kN/m2 load 
has been performed on the two set of plates for fixed 

supported and simply supported non-perforated and 6th 
model perforated circular plates. 

The critical stresses of the plates loaded with uni-
formly distributed load can be seen in Table 6.

Table 6. Critical stresses of the plates loaded with uniformly distributed load (MPa). 

 Fixed Supported Simply Supported 

 Minimum Maximum Minimum Maximum 

 
non- 

perforated 
perforated 

non- 

perforated 
perforated 

non- 

perforated 
perforated 

non- 

perforated 
perforated 

SX -2.742 -4.9129 4.1872 7.1739 -0.029753 0.080234 -6.9607 -13.514 

SY -2.742 -4.9186 4.1885 7.1847 -0.027043 0.053483 -6.9607 -13.551 

SXY -1.4684 -3.4773 1.4684 3.4773 1.4686 7.0004 -1.4686 -7.0004 

5. Conclusions 

In this paper, the mid-point deflection and stress val-
ues of the perforated circular plate under self-weights 
and under uniformly distributed load with the influence 
of holes was calculated and analyzed. Series of models 
have been produced for investigating the stresses and 
displacements of perforated circular plates. 

The results obtained can be listed as follows: 
 In all of the perforated circular plate models % open 

area is the same as shown in Table 2. 

 Problems were analyzed by using finite element anal-
ysis software ANSYS Workbench. 

 Displacement and stress distribution of perforated 
circular plate under self-weights and under distrib-
uted q=1kN/m2 load was separately analyzed and re-
sults are presented as tables and graphics. 

 Critical deflection and stress values has an important 
role on the design of perforated circular plates. 

 The deflections for the simply supported perforated 
circular plates is approximately 4.3 times higher than 
those fixed supported perforated circular plates. 
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 The results obtained for nine different diame-
ter/thickness values within the limits of thin plate ac-
ceptance showed approximately the same behavior. 

 The variation of the deflection and stress values are 
getting asymptotic after the 6th model. 

 Critical displacement values of perforated circular 
plate under self-weights for fixed supported is 
0.011111 mm and for simply supported is 0.047570 
mm. 

 Critical SX values of perforated circular plate under 
self-weights for fixed supported is 1.104500 MPa and 
for simply supported is 2.080700 MPa. 

 Critical SY values of perforated circular plate under 
self-weights for fixed supported is 1.106200MPa and 
for simply supported is 2.086300 MPa. 

 Critical SXY values of perforated circular plate under 
self-weights for fixed supported is 0.535380 MPa and 
for simply supported is 1.077800 MPa. 

 Critical displacement values of perforated circular 
plate under distributed load for fixed supported is 
0.072168 mm and for simply supported is 0.308970 
mm. 

 Critical SX values of perforated circular plate under 
distributed load for fixed supported is 7.173900 MPa 
and for simply supported is 13.514000 MPa. 

 Critical SY values of perforated circular plate under 
distributed load for fixed supported is 7.184700 MPa 
and for simply supported is 13.551000 MPa. 

 Critical SXY values of perforated circular plate under 
distributed load for fixed supported is 3.477300 MPa 
and for simply supported is 7.000400 MPa. 

 When the number of holes increases, deflection and 
stress values are getting asymptotic. 

 Designers of perforated circular plates can take into 
account these midpoint deflections by using these 
graphics. 
As a result, the present study purposes the shape op-

timization of thin circular perforated plates with round 
and staggered holes. And perforation schemas can also 
be developed by different optimization techniques. 
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