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Research Article 

Robustness evaluation of optimum tuned liquid dampers  

for uncertain variable loading of structures 

Ayla Ocak a , Gebrail Bekdaş a , Sinan Melih Nigdeli a,*  

a Department of Civil Enginering, İstanbul University-Cerrahpaşa, 34320 İstanbul, Turkey 

 

A B S T R A C T 

This study focuses on the performance analysis of optimum tuned liquid dampers 
(TLDs) under the different live loads of three different structure models, designed as 

both single and multi-story, under earthquake excitations. For this purpose, single, 

ten, and forty story structure models have been created and tuned liquid damping 

devices that contain liquids of different densities and viscosities such as acetone, 

mercury, and seawater are placed on the structure. For the analysis conducted under 

earthquake excitations, optimum damping device parameters were previously ob-
tained with the Adaptive Harmony Search Algorithm (AHS), and minimizing the 

movement of the structure was aimed. The effect of the damping device on the con-

trol performance was investigated under increasing and decreasing live loads for the 

uncertain mass of the structure because of variable actions. When the results are ex-

amined, it has been determined that the increase in the story number of the structure 

will less affect the displacement reduction performance of TLDs for the structure un-

der uncertain variable loading. 
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1. Introduction 

Tuned liquid dampers (TLD) are passive control sys-
tems that dampen the movement by utilizing the spring 
stiffness and the sloshing energy of a liquid mass. Simi-
lar to other passive control systems, it provides control 
with the help of the main mass it contains. TLDs are de-
signed according to the selected mass ratio considering 
the structure mass. However, apart from the mass of the 
initially accepted structure, the effect of live loads af-
fecting the movement of the structure should be inves-
tigated. In structures, the off-tuning of the live load has 
been investigated for situations such as vibration tests 
and the addition of a mass damper. Setareh et al. (2006) 
investigated pendulum-type mass dampers and the op-
timum values were tested for possible mass change in 
the controlled floor system. Xing et al. (2014) proposed 
a tuned mass damper type counterweight for cable-
stayed bridges under wind excitation to reduce the live-
load amount. The increase in the damping of live loads 
in suspension bridges due to the mass damper-like mo-

tion caused by the presence of vehicles has been inves-
tigated in various studies (Wibowo et al. 2014; Shaban 
et al. 2015). In their study, Venanzi and Materazzi 
(2013) investigated the effect of uncertain mass distri-
bution on floors in hybrid control of high-rise buildings 
under the influence of wind loads and conducted a hy-
brid control design that is resistant to uncertainties in 
load distribution. In the design of both single and multi-
story structures, situations such as the increase in the 
number of visitors depending on the purpose of use of 
the structure make it necessary to investigate the live 
load situation.  

TLDs are also known as liquid mass-containing types 
of tuned mass dampers (TMDs). Due to the presence of a 
liquid mass in it, the period of the sloshing liquid and its 
stable mass are both considered in the design. Appropri-
ate selection of the characteristic properties of liquids fa-
cilitates control. Properties such as the density and kin-
ematic viscosity of the TLD liquid have been observed in 
studies that modified TLD derivatives in which various 
mixtures, balls, and mixtures are used together to have a 

tel:+90-212-473-7070
fax:+90-212-473-7176
mailto:melihnig@iuc.edu.tr
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http://cjsmec.challengejournal.com/
https://orcid.org/0000-0003-2236-7834
https://orcid.org/0000-0002-7327-9810
https://orcid.org/0000-0002-9517-7313
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churning and damping effect (Hitchcock et al. 1997; Tan-
veer et al. 2020; Shah et al. 2022). It is known that the 
optimization of these parameters with various optimiza-
tion methods can increase control efficiency. Generally, 
parametric optimization has been performed for TLDs 
since the 90s (Gao et al. 1997; Xue et al. 2000; Taflanidis 
et al. 2005; Shum 2009; Debbarma et al. 2010; Mehrikan 
and Altay 2020; Ocak et al. 2022). 

In this study, the optimum TLD parameters obtained 
from the Ocak et al. (2022) using different liquids with 
single-story, ten-story, and 40-story structure models 
were investigated for different structure mass situa-
tions on the same structure models. The optimum pa-
rameters for a constant mass of the structure are taken 
in all cases and possible changes in live loads were con-
sidered for TLD performance. All comparisons of the 
control system were done with the results of uncon-
trolled structure with the changing masses. As known, 
the most effective index in the optimum tuning of mass 
dampers is the critical natural frequency of the struc-
ture, and the mass change will change the frequency of 
the structure and the optimum TLD system may get out 
of tune.  

In their study, Ocak et al. (2022) investigated the ef-
fects of viscosity and density on the selection of the op-
timum TLD liquid of different liquids and different 
structure models. In the results obtained for a single-
story structure, it was determined that less dense liquid 
with lower viscosity is optimum, as the number of sto-
ries increases, viscosity, and density are desired to be 
higher, and in heavy structures such as 40 floors, viscos-
ity loses its importance and density comes to the fore 
(Ocak et al. 2022). In this study, considering the work of 
Ocak et al. (2022), acetone and mercury liquids, which 
are the optimum TLD liquids obtained in the single-
story and forty-story structure model, were used. In the 
ten-story structure model they used in the study, propa-
nol and seawater liquids were very close in percentage, 
and small fractional differences were found. In the 
study, seawater liquid was preferred for the ten-story 
structure model, since it would be more cost-effective to 
obtain seawater. 

Critical earthquake analysis was carried out for all 
cases. The control performance of TLDs has been inves-
tigated in case the structure mass changes. FEMA rec-
ords, which include 22 earthquake records, were excited 
as an excitation to the structure models via Matlab Sim-
ulink (FEMA P-695 2009; Matlab 2018). Analyzes were 
made using optimum TLD parameters and optimum liq-
uid. The effect of the increase and decrease in the mass 
of the multi-story structure models on the damper per-
formance has been investigated. Performance analysis 
was made by increasing or decreasing the structure 
mass up to 25%. The impact of structure and variable ac-
tions on TLD performance has been researched. The re-
sults obtained for the multi-story structures were com-
pared with the mass change results obtained in the sin-
gle-story structure model obtained by Ocak et al. 
(2022). 

 

2. Design of Tuned Liquid Dampers  

2.1. Equations of motion  

Tuned liquid dampers dampen the movement of the 
structure with the mechanical energy arising from the 
sloshing of the liquid in the tank. The main parameters 
affecting this energy depend on the damper mass, tank 
geometry and period, and properties such as damping 
ratio. It is suggested in the literature that the mass ratio 
of TLDs can be selected between 1-5%, considering the 
recommended ratio for mass dampers (Sun et al. 1992; 
Yu et al. 1999; Vickery et al. 1983; Rana and Soong 1998). 
In the sloshing model of a cylindrical tank created ac-
cording to the linear hydrodynamic theory, TLD liquid is 
divided into two sloshing and non-sloshing liquids 
(Abramson 1966). It is designed according to the as-
sumption that while the sloshing liquid moves with sep-
arate freedom, the inactive liquid moves together with 
the tank. In Fig. 1, the TLD mechanical model placed on a 
single-story structure is given. 

 

Fig. 1. Cylindrical TLD model  
placed in a single-story structure (Ocak et al. 2022). 

For the calculation of the sloshing liquid mass, the 
damping ratio parameter (ξmn) with tangential (m) and 
radial (n) directions, which is expressed as the roots of 
the Bessel function used in the wave propagation of cy-
lindrical bodies, is used (Sharma et al. 2019). By setting 
this parameter to the 1st Vibration mode, the sloshing 
liquid mass equation is created with a coefficient of 1.84, 
and by using it in the calculation of the lateral forces in 
the tank, the frequency and stiffness of the sloshing liq-
uid are calculated (Bauer 1964; Rouf 2005; Sharma et al. 
2019). The calculation of the sloshing active liquid mass 
(𝑚𝑠) in the tank is shown in Eq. (1).  

𝑚𝑠 =  𝑚𝑠𝑡 × 𝑅 ×
tanh(

1.84ℎ

𝑅
)

2.2ℎ
 (1) 
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where 𝑚𝑠𝑡 is the total mass of liquid in the tank, R is the 
radius of the cylindrical tank and h is the height of the 
liquid in the tank. 

The non-sloshing liquid, which represents the second 
freedom of the damper, and the mass in which the tank 
moves together are expressed as 𝑚𝑑 . It is obtained by 
subtracting the mass of sloshing liquid from the total 
mass of TLD (𝑚𝑇𝐿𝐷 ). In Eq. (2), the empty mass of the 
tank and the total mass of the liquid that is not sloshing 
(𝑚𝑑) are calculated. 

𝑚𝑑 =  𝑚𝑇𝐿𝐷 −  𝑚𝑠 (2) 

The stiffnesses (𝑘𝑑  and 𝑘𝑠 ) of the damper and the 
sloshing liquid are shown in Eqs. (3) and (4), respec-
tively, and the damping coefficients ( 𝑐𝑑  and 𝑐𝑠 ) are 
shown in Eqs. (5) and (6), respectively. 

The stiffnesses (𝑘𝑑  and 𝑘𝑠 ) of the damper and the 
sloshing liquid are shown in Eqs. (3) and (4), respec-
tively, and the damping coefficients ( 𝑐𝑑  and 𝑐𝑠 ) are 
shown in Eqs. (5) and (6), respectively. 

𝑘𝑑 =  𝑚𝑑 × (
2𝜋

𝑇𝑑
)

2

 (3) 

𝑘𝑠 =  𝑚𝑠𝑡 ×
𝑔{tanh(

1.84ℎ

𝑅
)}

2

1.19ℎ
 (4) 

𝑐𝑑 =  2 × 𝜁𝑑 × √𝑚𝑑 × 𝑘𝑑 (5) 

𝑐𝑠 =  𝜁𝑠 × 2√𝑚𝑠𝑘𝑠 (6) 

The 𝑇𝑑  parameter used in Eq. (3) represents the pe-
riod of the damper tank. The damping ratio (𝜁𝑑) of the 
damper is given in Eq. (7). The damping ratio (𝜁𝑠) calcu-
lation of the shaking is obtained by experimental studies 
and calculated as in Eq. (8). 

𝜁𝑑 =
𝑐𝑑

2𝑚𝑑√
𝑘𝑑
𝑚𝑑

 (7) 

𝜁𝑠 = 4.98𝑣
1

2𝑅−
3

4𝑔−
1

4 [1 +
0.318

sinh(
1.84ℎ

𝑅
)

1−
ℎ

𝑅

cosh(
1.84ℎ

𝑅
)
] (8) 

The 𝑔 in the equations denotes the gravitational ac-
celeration and 𝑣 denotes the kinematic viscosity. 

The equation of motion of the system in its simplest 
form, which includes the information about the sloshing 
liquid, TLD tank + passive liquid, and structure, is shown 
in Eq. (9), and the mass, stiffness, and damping coeffi-
cient matrices are shown in Eq. (10-12), respectively. 
Terms such as mass, stiffness, and damping coefficient of 
the structure are included without indexes in the equa-
tions. 

[𝑀]{𝑋̈} + [𝐶]{𝑋̇} + [𝐾]{𝑋} = −[𝑀]{1} 𝑋̈𝑔 (9) 

A dot in the equations represents the velocity vector, 
the double dot represents the acceleration vector. Pa-

rameter 𝑋̈𝑔  with double dot specifies ground accelera-
tion. {1} represents a vector of ones.  

[𝑀] = [
𝑚 0 0
0 𝑚𝑑 0
0 0 𝑚𝑠

] (10) 

[𝐾] = [
𝑘 + 𝑘𝑑 −𝑘𝑑 0

−𝑘𝑑 𝑘𝑑 + 𝑘𝑠 −𝑘𝑠

0 −𝑘𝑠 𝑘𝑠

] (11) 

[𝐶] = [
𝑐 + 𝑐𝑑 −𝑐𝑑 0

−𝑐𝑑 𝑐𝑑 + 𝑐𝑠 −𝑐𝑠

0 −𝑐𝑠 𝑐𝑠

] (12) 

3. Numerical Examples 

In this study, a structure model with three different 
floors was used. A single-story structure with a weight of 
100 tons, a ten-story structure with a weight of 3600 
tons, and a forty-story structure with a weight of 39200 
tons were designed. The single-story structure model is 
designed with 3 degrees of freedom (3DOF) taking into 
account the freedom of the structure, the sloshing liquid, 
and the TLD tank. Fig. 2 shows a single-story structure 
model. The period of the single-story structure was cho-
sen as 1 second, and the stiffness and damping coeffi-
cients were taken as 3.95 MN/m and 0.06 MNs/m, re-
spectively. 

 

Fig. 2. Cylindrical TLD model  
placed in a single-story structure. 

Twelve degrees of freedom (12DOF) as ten-story 
structure, ten-story freedom, sloshing liquid freedom, 
and TLD tank freedom were taken into account, and the 
structural stiffness and damping coefficient values were 
taken as 650 MN/m and 6.2 MNs/m, respectively (Singh 
et al. 2002). For the forty-story structure model, these 
values were used in the analysis as 2130 MN/m and 42.6 
MNs/m on the first floor of the structure and 998 MN/m 
and 20 MNs/m on the last floor of the structure (Liu et 
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al. 2008). The multi-story structure model used is shown 
in Fig. 3. Here, the "i" index indicates the floor number, 
and the "n" index indicates the top floor number of the 
structure. 

 

Fig. 3. Cylindrical TLD model  
placed in a multi-story structure. 

TLDs are placed on the models created for the appli-
cation. FEMA earthquake records consisting of various 
earthquakes were excited to the structures in Matlab 
Simulink and optimum results were found in Ocak et al. 
(2022). The earthquake records are listed in Table 1. 

Ocak et al. (2022) determined that among the liquids 
they used, acetone for a single-story liquid, seawater for 
a ten-story structure, and mercury for a forty-story 
structure were the optimum liquids as TLD liquids. 
These liquid types were used for each structure model in 
which TLD was placed. The optimum TLD parameters 
for single-story, ten, and forty-story structure models 
are shown in Table 2. 

As a result of the earthquake analysis, the critical 
earthquake record for the single-story and ten-story 
structures was DUZCE/BOL090, CHICHI/CHY101-N for 
the forty-story structure according to results in Ocak et 
al. (2022). In the analysis conducted with optimum TLD 
parameters, the effects of live loads on displacement and 
total acceleration with ∓25% mass change for selected 
liquids were investigated. The displacement and total ac-
celeration values obtained under the effect of live loads 
for critical earthquake recording in a single-story, ten- 
and forty-story structure are shown in Table 3. In Table 
3, the critical earthquake analysis results obtained from 
the multi-story building models are presented together 
with the mass change results on the single-story building 
model in the work of Ocak et al. (2022). 

As a result of the critical earthquake analysis, the dis-
placement-time and total acceleration-time graphs ob-
tained at -25% mass decrease for a single-story struc-
ture are given in Fig. 4, and the displacement-time and 
total acceleration-time graphs obtained at +25% mass 
increase are also shown in Fig. 5.

Table 1. FEMA earthquake records list. 

Earthquake 
Number 

Date Earthquake Name Component 1 Component 2 

1 1994 Northridge NORTHR/MUL009 NORTHR/MUL279 

2 1994 Northridge NORTHR/LOS000 NORTHR/LA270 

3 1999 Duzce, Turkey DUZCE/BOL0000 DUZCE/BOL090 

4 1999 Hector Mine HECTOR/HEC000 HECTOR/HEC090 

5 1979 Imperial Valley IMPVALL/H-DLT262 IMPVALL/H-DLT352 

6 1979 Imperial Valley IMPVALL/H-E11140 IMPVALL/H-E11230 

7 1995 Kobe, Japan KOBE/NIS000 KOBE/NIS090 

8 1995 Kobe, Japan KOBE/SHI000 KOBE/SHI090 

9 1999 Kocaeli, Turkey KOCAELI/DZC180 KOCAELI/DZC270 

10 1999 Kocaeli, Turkey KOCAELI/ARC000 KOCAELI/ARC090 

11 1992 Landers LANDERS/PLACE270 LANDERS/YER360 

12 1992 Landers LANDERS/CLW-LN LANDERS/CLW-TR 

13 1989 Loma Prieta LOMAP/CAP000 LOMAP/CAP090 

14 1989 Loma Prieta LOMAP/G03000 LOMAP/G03090 

15 1990 Manjil, Iran MANJIL/ABBAR--L MANJIL/ABBAR--T 

16 1987 Superstition Hills SUPERST/B-ICC000 SUPERST/B-ICC090 

17 1987 Superstition Hills SUPERST/B-POE270 SUPERST/B-POE360 

18 1992 Cape Mendocino CAPEMEND/RIO270 CAPEMEND/RIO360 

19 1999 Chi-Chi, Taiwan CHICHI/CHY101-E CHICHI/CHY101-N 

20 1999 Chi-Chi, Taiwan CHICHI/TCU045-E CHICHI/TCU045-N 

21 1971 San Fernando SFERN/PEL090 SFERN/PEL180 

22 1976 Friuli, Italy FRIULI/A-TMZ000 FRIULI/A-TMZ270 
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Table 2. Optimum TLD parameters for single, ten, and forty story structure models (Ocak et al. 2022). 

Variables 

Single story  
structure 

10-storey  
structure 

40-storey  
structure 

Acetone Seawater Mercury 

𝑇𝑑  (s) 0.9454 0.9962 3.5626 

𝜁𝑑   0.0810 0.1841 0.2270 

𝑅  (m) 0.5418 1.1087 4.1312 

ℎ  (m) 2.2884 0.7556 2.3684 

Table 3. Displacement and total acceleration values obtained by the effect of live load in the critical earthquake rec-
ord for single-story, ten and forty-story structure models. 

Structure mass 
increase/de-

crease percent-
age 

Single-story Structure with 
TLD-Acetone 

10-story Structure with 
TLD-Seawater 

40-story Structure with 
TLD-Mercury 

Displacement 
(m) 

Total Accelera-
tion (m/s2) 

Displacement 
(m) 

Total Accelera-
tion (m/s2) 

Displacement 
(m) 

Total Accelera-
tion (m/s2) 

-25% 0.2016451 10.5720449 0.2559605 15.1735650 1.0073726 5.0971812 

-20% 0.2121752 10.4000571 0.2696159 15.2311032 1.0755072 4.8098033 

-15% 0.2208049 10.1468190 0.2806673 15.1687362 1.1373364 5.0038573 

-10% 0.2274021 9.8344712 0.2890280 14.9887245 1.1940244 5.2571767 

-5% 0.2319002 9.4777271 0.2944632 14.7042480 1.2967174 5.2711654 

0% 0.2343740 9.0757597 0.2971696 14.3177283 1.4018155 5.1254171 

+5% 0.2386721 8.6500651 0.3031982 13.8256268 1.5088005 4.9823147 

+10% 0.2446614 8.4727027 0.3104425 13.2362306 1.6210147 4.9097424 

+15% 0.2493544 8.2673290 0.3160396 12.5673918 1.7406651 4.8223275 

+20% 0.2526405 8.0375150 0.3198721 11.8227165 1.8659784 4.6367295 

+25% 0.2544804 7.7830968 0.3219217 11.4095860 1.9924649 4.8080075 

As a result of the critical earthquake analysis, the dis-
placement-time and total acceleration-time graphs ob-
tained at -25% mass decrease for the ten-story structure 
are shown in Fig. 6, and the displacement-time and total 
acceleration-time graphs obtained at +25% mass in-
crease are also given in Fig. 7. 

As a result of the critical earthquake analysis, the dis-
placement-time and total acceleration-time graphs ob-
tained at -25% mass decrease for the forty-story struc-
ture are reported in Fig. 8, and the displacement-time 
and total acceleration-time graphs obtained at +25% 
mass increase are plotted in Fig. 9. 

           
Fig. 4. Graphs obtained from the critical earthquake analysis for a single-story structure at a 25% mass decrease:  

(a) Displacement-time; (b) Total acceleration-time. 

(a) (b) 
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Fig. 5. Graphs obtained from the critical earthquake analysis for a single-story structure at a 25% mass increase:  
(a) Displacement-time; (b) Total acceleration time. 

           

Fig. 6. Graphs obtained from the critical earthquake analysis for a 10-story structure at a 25% mass decrease:  
(a) Displacement-time; (b) Total acceleration-time. 

           

Fig. 7. Graphs obtained from the critical earthquake analysis for a 10-story structure at a 25% mass increase:  
(a) Displacement-time; (b) Total acceleration-time. 

 

 

(a) (b) 

(a) (b) 

(a) (b) 

(b) 
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Fig. 8. Graphs obtained from the critical earthquake analysis for a 40-story structure at a 25% mass decrease:  
(a) Displacement-time; (b) Total acceleration-time. 

           

Fig. 9. Graphs obtained from the critical earthquake analysis for a 40-story structure at a 25% mass increase:  
(a) Displacement-time; (b) Total acceleration-time.

4. Discussion 

In this study, analyzes were made under earthquake 
excitations to observe the effect of live load on single-
story ten-story, and forty-story structure models using 
optimum TLD parameters and optimum liquid types. 
Critical earthquake record was determined in FEMA 
earthquake records for each structure model and TLD 
was analyzed under these earthquake excitations. Re-
sults evaluated for up to 25% increase and decrease of 
structure mass. In Table 4, displacement and total accel-
eration decrease percentages are given. 

When Table 4 is examined, in the analyzes made for a 
single-story structure, the maximum displacement re-
duction performance was observed at a rate of 18.79%, 
and the minimum displacement reduction performance 
was observed at a rate of 9.91% when the structure mass 
was decreased by 15%. While the displacement reduc-
tion quality of TLDs shows an increasing graph up to the 
case where the structure mass is reduced by 15% for the 
example single-story structure model, the increased load 
state after this value is adversely affected. In the 100 tons 
model, the mass change in the structure with the effect 
of live load from 85 tons to 125 tons reduced the dis-

placement reduction ability of TLD performance by ap-
proximately 9%. Although the total acceleration reduc-
tion performance did not lose as fast as the displacement 
with the increase in mass, each increase after the 5% in-
crease in the mass also negatively affected the total ac-
celeration. When comparing the optimum overall decel-
eration performance with the worst TLD performance, a 
performance loss of 7.5% is observed. For single-story 
structures, it can be said that the increase in mass signif-
icantly affects both the displacement and the overall ac-
celeration reduction performance of TLDs. 

In the ten-story structure analyzes, the maximum dis-
placement reduction percentage of TLD was 27.55% and 
the minimum displacement reduction percentage was 
19.67%. From the moment the mass started to be increased, 
the displacement reduction effect started to decrease, 
while each other increased mass percentage from the case 
where the mass was reduced by 10% also negatively af-
fected the total acceleration. There is a performance loss 
for a displacement of about 8% and a reduction of total 
acceleration of 4%. It is seen that the live load effect does 
not significantly affect the TLD performance in terms of 
acceleration reduction of ten-story structures, but there is 
still a loss in displacement that should be noted.  

(b) 

(a) (b) 

(a) 
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Table 4. Displacement and total acceleration reduction percentages obtained by the effect of live load in the critical 
earthquake record for single-story, 10-storey, and 40-story structure models. 

Structure mass 
increase/de-

crease percent-
age 

Single-story Structure with 
TLD-Acetone 

10-story Structure with 
TLD-Seawater 

40-story Structure with 
TLD-Mercury 

Displacement 
(m) 

Total Accelera-
tion (m/s2) 

Displacement 
(m) 

Total Accelera-
tion (m/s2) 

Displacement 
(m) 

Total Accelera-
tion (m/s2) 

-25% 18.27 19.17 25.88 25.85 18.02 4.17 

-20% 18.71 19.80 26.90 26.61 23.08 16.42 

-15% 18.79 20.15 27.40 26.79 26.41 18.77 

-10% 18.71 20.32 27.53 26.61 28.73 17.70 

-5% 18.57 20.38 27.55 26.21 27.92 17.10 

0% 18.43 20.44 27.54 25.75 27.28 16.98 

+5% 17.13 20.52 26.19 25.44 26.96 17.32 

+10% 14.88 18.23 24.17 25.29 26.79 17.93 

+15% 12.86 16.16 22.25 25.26 26.55 18.38 

+20% 11.17 14.40 20.78 25.31 26.15 18.68 

+25% 9.91 13.02 19.67 22.70 25.66 19.36 

In the critical earthquake analysis of the forty-story 
building model, each mass increase since the 10% reduc-
tion in the mass weakened the displacement reduction 
effect of the TLD. The maximum displacement reduction 
percentage, which was 28.73% for different structure 
mass situations given in Table 4, decreased to 25.66% as 
the mass increased. TLD performance loss was observed 
in terms of displacement reduction of approximately 3%. 
In the forty-story structure model, the increase in struc-
ture mass increased the overall acceleration performance 
by about 15%, in contrast to the decrease in displacement. 

Above, the effect of change in structure mass on TLD 
displacement and total acceleration reductions is de-
scribed. By converting TLD performance from the struc-
ture mass change to a percentage, it becomes easier to 
understand the effect of mass on performance. The opti-
mum displacement reduction value in a single-story 
structure was observed at 15% mass reduction. From 
this to the case where the mass is increased by up to 
25%, the TLD displacement reduction performance is re-
duced by approximately 47% and the total acceleration 
performance by approximately 37%. While the mass re-
duction in the ten-story structure affected the displace-
ment reduction performance by approximately 6%, the 
25% mass increase decreased the displacement and to-
tal acceleration reduction performance of the TLD by ap-
proximately 29% and 12%. In the forty-story structure 
example, the displacement reduction performance of the 
TLD decreased by approximately 10.7%, from 10% mass 
reduction where the optimum displacement reduction 
percentage was observed, to 25% mass increase. The ef-
fect of reducing the total acceleration showed a regular 
increase from 25% mass reduction to 25% mass in-
crease. The overall deceleration performance of the TLD 
increased by approximately 8.6% for the final state of 
the increased mass from the state where the optimum 
displacement reduction percentage was shown. 

 

5. Conclusions 

According to the results, the following information is 
obtained. 
 It is seen that the increase in mass of the structure cre-

ates a performance loss of approximately 47% for dis-
placement and approximately 37% for total accelera-
tion. It is understood that considering the live load ef-
fect in the design of a single-story structure is of great 
importance for the safety of the design. 

 Although the live load creates less performance loss 
for a ten-story structure model than for a single-story 
structure, it is seen that the damper's displacement 
reduction performance affects 29% seriously and it 
should be taken into account in the designs. 

 While decreasing the displacement reduction per-
centage in a forty-story structure, it is seen that the 
increase in mass has a positive effect on the damper 
in terms of reducing the total acceleration. There is a 
lower performance loss in terms of displacement 
compared to a single-story and ten-story structure. 
Based on this, it is understood that as the number of 
floors increases, the mass change decreases the effect 
of the damper on the displacement reduction perfor-
mance. 

 For the 40-story structure with TLD-Mercury, the 
mass change is not so effective on the change of the 
total acceleration values.    
In light of all the information, it can be said that live 

loads can seriously affect the damper performance, es-
pecially in structures with a small number of floors.  
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A B S T R A C T 

This study aimed to parametrically investigate the changes in modal frequency val-
ues on a steel beam caused by specified damaged schemes. In this context, the ANSYS 

Workbench software program was used to create a steel profile's finite-element 

model. A cantilever steel beam profile is created with a 60x60 mm cross-section and 

3m length utilizing single-sided fixed support. In the finite-element model, the crack 

depth, width, and distance to the support were parametrically assigned as the damaged 

scheme to the steel profile. To investigate the effects of those damages on the modal 
frequency values of the steel profile, first of all, the modal frequency values for un-

damaged cases corresponding to the first ten-mode shapes were obtained. Then, the 

specified crack properties were determined parametrically, and the changes in fre-

quency values for damaged cases were examined. In addition, a comparative evalua-

tion of the effect of crack properties on the natural frequency of the steel element was 

performed by utilizing response surface and six sigma analysis. The analysis results 

demonstrated that specified crack schemes have different effects on different modal 

natural frequencies. The applied response surface and six sigma analysis provided 

important statistical data on the modal natural frequency values of the steel beam. 
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1. Introduction 

The methods of assessing and detecting structural 
damage by examining the dynamic behavior of struc-
tures were started in 1980 when fast Fourier transforms 
could be made with software programs. In general, this 
method has been used in mechanical engineering, fuel 
industry companies, companies that build spaceships, 
and civil engineering. In this direction, many studies 
have been carried out by these groups on the early de-
tection of damage to structures. Studies have revealed 
different approaches, test methods, and analysis tech-
niques. It is not an effective and correct approach to use 
a single method in all situations that may exist in all types 
of buildings (Montalvao et al. 2006; Choi et al. 2005). 

Significant progress has been made in the determina-
tion of damage effects in various subjects in mechanical 
engineering. The greatest success in damage assessment 
has been achieved by studies on marine structures by 

the fuel industry between 1970 and 1980. Although sig-
nificant progress has been made in making damage as-
sessments based on changes in dynamic behavior, the 
application of these techniques in real structures has 
been very difficult and limited. The spaceship building 
industry achieved significant success in dynamic-based 
damage assessment studies in the early 1980s. 

In parallel with these, civil engineers started to use 
similar techniques in the early 80s. Health monitoring of 
buildings has been the primary field of study in bridge 
assessments and has quickly spread to other building 
types. In the literature, there are many applications of 
this method in beam structures (concrete and steel), 
truss systems, frames, shells, and plates, buildings, 
bridges, and composite materials (Gounaris and Di-
marogonas 1988; Ostachowicz and Kraawczuk 1991; 
Srinivasan and Kot 1992; Mohammad 1997). 

The basis of structural health monitoring is that re-
gional damages in structures cause a stiffness reduction 
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in the relevant region. In this respect, updating the stiff-
ness parameters of the finite-element (FE) model by tak-
ing into account several different damage conditions 
provides full and accurate information about the current 
state of the structure. Rytter (1993) stated the following 
4 steps in determining the damage that may occur in an 
existing structure; 1) Determination of damage to the 
structure, 2) Evaluating the damage location in the struc-
tural geometry, 3) Determining the extent and signifi-
cance of the damage, 4) Estimating how much time the 
structure will have to serve. The first three steps of these 
include studies on estimating the presence, location, and 
magnitude of damage. Although the first three steps are 
important, the last step is the most fundamental section 
of structural health monitoring and is also the most dif-
ficult step in terms of implementation. 

By using the parameters obtained from the modal 
analysis techniques that can be applied to the structures, 
the presence, location, and size of existing damage can 
be determined. This approach is based on the fact that 
structural damage affects the entire behavior of the 
structure (mass, stiffness, or damping) and thus changes 
the dynamic characteristics of the structure (natural fre-
quency, damping ratio, and mode shape) (Doebling et al. 
1998). Therefore, the dynamic properties of any struc-
ture that can be obtained periodically play an important 
role in determining the current state of the structures. 
Based on the change values in these dynamic parameters 
that will occur in undamaged and damaged structures, it 
is possible to estimate the region and size of the struc-
tural damage. 

Mermertas and Erol (2001) investigated the effect of 
mass attachment on the transverse vibration character-
istics of a cracked cantilever beam by relative changes of 
the first three natural frequencies. They resulted in the 
study that the decreasing effects of the cracked beam on 
natural frequencies were more apparent with added 
mass to the beam in different cases. Owolabi et al. (2003) 
investigated the effects of cracks and damages on struc-
tural integrity by using two sets of aluminum beams as 
fixed and simple supports. As a result, it was emphasized 
that the vibration behavior of beams is very sensitive ac-
cording to the amount, depth, and region of cracks. Gillich 
et al. (2012) presented a method to detect, locate and 
evaluate the damage severity of Euler-Bernoulli beams, 
based on the changes in the natural frequencies due to 
damage. The accuracy and reliability of the proposed 
method were validated by numerous experiments. 

 Dey et al. (2016) stated that crack parameters were 
revealed to a significant extent in their study to establish 
the relationship between the input parameters (crack 
zone and crack depth ratio) and the output parameter 
(natural frequencies) to estimate the crack parameters, 
region and depth ratio. Yendhe et al. (2016) investigated 
beam vibration behavior both experimentally and with 
the help of the FEM program ANSYS. Vibration analysis 
is carried out on several cantilever beams with trans-
verse cracks and various boundary conditions in the cur-
rent study. Altunışık et al. (2017a) performed a compre-
hensive study on the automated model updating of a can-
tilever beam with box cross-section including multiple 

cracks for damage detection experimentally and numer-
ically. Modal Assurance Criterion and Coordinate Modal 
Assurance Criterion factors were employed to recognize 
and locate damaged elements within the beam. 

Multiple damage schemes with different ranges of 
magnitudes such as crack depth, crack width and crack 
distance to the support point emerge as important pa-
rameters for vibration analysis of beams. This vibration 
analysis is generally carried out by examining the change 
of natural frequency values on the beam depending on 
the size and position of the damages. In the performed 
studies, parametric analyzes were made for one or two 
different damage cases at critical points for the types of 
damage that may occur on beam-type structures (Al-
tunışık et al. 2017b). It is also important to investigate 
the effect of different crack types at different positions 
on natural frequency values at all points along the beam 
to ensure the safety and performance of beam-type 
structural elements. The scope of this study is aimed to 
investigate the relationships between input and output 
variables with a probabilistic approach, taking into ac-
count the uncertainty of various damages that may occur 
in structures. In this context, various crack schemes 
were chosen as random input variables and the effects of 
a steel beam on the modal natural frequency were eval-
uated using the response surface (RS) method and six 
sigma (SS) analysis. The FE model of the steel beam was 
created by ANSYS Workbench and modal parameters 
were obtained for the undamaged case. Then, the crack 
depth, width, and distance from the support point were 
defined as variable input parameters, and statistical 
analysis was performed by comparing the modal natural 
frequency values obtained for damaged cases with those 
values calculated in the undamaged condition. As a re-
sult of the analysis, valuable results were achieved to 
better understand the effects of damage schemes on the 
natural modal frequency values depending on the ob-
tained mode shapes. 

 

2. Methodology  

2.1. Overview 

In this study, the ANSYS DesignXplorer (ANSYS 2013) 
platform was utilized for the FE model of the steel profile 
and the SS Analysis for parametric studies to understand 
the effects of the damage cases on the modal behavior of 
the selected structure. The SS analysis system consists of 
a Design of Experiments (DoE) cell, an RS cell, and an SS 
analyses cell. The DoE cell allows to set up of the input 
parameters, which SS analyses refer to as uncertainty 
parameters, and generates the samples for the analysis. 
RS method is an approximate optimization method that 
seeks multiple design variables and their responses by 
employing the minimum number of design samples for 
the best experimental design, to determine the combina-
tion of design variables. It can be accomplished a good 
accuracy between the FE model-generated data and the 
experimental data by utilizing the RS method (Cheng et 
al. 2007; Landman et al. 2007).  
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2.2. Design of experiments 

The design of experiments is a method for determin-
ing the location of sample points scientifically. In engi-
neering research, there are several different designs of 
experiments algorithms or procedures, including star, 
complete factorial, central composite, and Box-Behnken 
designs. All of the strategies have one thing in common: 
they all strive to locate sampling points in the space of 
random input parameters in the most efficient way or 
with the fewest sample points possible to get the infor-
mation they need. Sample points in effective locations 
not only lower the number of sampling points necessary 
but also improve the accuracy of the RS calculated from 
the sampling points' findings. Guo and Zhang (2004) re-
vealed in their study that the central composite design 
and the D-optimal design give approximately the same 
results in the RS-based FE update approach. In addition, 
the efficiency of central composite design, Box-Behnken 
design, and D-optimal design for damage assessment of 
structures was evaluated by Umar et al. (2018) and it 
was stated that the central composite design is more ef-
fective in damage detection. The central composite de-
sign was chosen as a sampling strategy for three varia-
bles in this investigation. 

There are different distribution types for input pa-
rameters in the DoE namely Triangular, Uniform Nor-
mal, Lognormal, Exponential Truncated, Weibull, and 
Beta. The goal of this study was to employ the Gaussian 
(Normal) Distribution, which is a fundamental and 
widely used statistical distribution. It's a term that's fre-
quently used to describe the distribution of measure-
ment data for a wide range of physical phenomena. If the 
random variable is a linear mixture of two or more other 
effects, and those effects also follow a Gaussian distribu-
tion, the Gaussian distribution is valid. The mean value 
and standard deviation of the random variable can be 
provided as input values (ANSYS 2013). 

2.3. Response surface method 

The genetic aggregation technique was employed to 
create RS models in this work. The method automates 
the process of selecting, configuring, and creating the RS. 
Due to various RS solutions and cross-validation meth-
ods, it automatically develops the most appropriate ap-
proach for each output and gives more dependable re-
sults than previous RS models. After their fitness has 
been evaluated, the fitted RS models should be utilized 
to update the FE model. For multi-RSM and sophisticated 
models, the R2 criterion and the root mean squared er-
ror (RMSE) criterion are commonly used (Box and 
Draper 1987; Fang and Perera 2009). The R-square sta-
tistic and the relative mean square error are presented 
in Eqs. (1) and (2), respectively, are used to assess the 
accuracy of fitted RS models.  

𝑅2 = 1 −
∑ [𝑦𝑅𝑆(𝑗)−𝑦(𝑗)]2𝑁

𝑗=1

∑ [𝑦(𝑗)−𝑦̄]2𝑁
𝑗=1

 (1) 

𝑅𝑀𝑆𝐸 =
1

𝑁∗𝑦̄
√∑[𝑦𝑅𝑆(𝑗) − 𝑦(𝑗)]2

 (2) 

The larger the value of R Square is, the more accurate 
the RS model is. The smaller the value of RSME is, the 
more accurate the RS model is. 

2.4. Six sigma analysis 

A technique known as SS analysis is used to assess the 
impact of unclear input parameters and assumptions on 
a model. It may be evaluated how much the model's un-
certainties affect the analysis outcomes using an SS anal-
yses system. Uncertainty (random quantity) is a param-
eter whose value is impossible to predict at a specific 
time or location (if it is time-dependent) (if it is location-
dependent). The fundamental goal of an SS analysis is to 
determine the impact of uncertainties associated with 
the design's input parameter. Various statistical studies 
and post-processing analyses are used to attain this goal 
(ANSYS 2013). 

2.4.1. Mean value 

The average of a group of observations is measured 
by the mean. The following is the definition of the mean 
of a set of observations;  

𝜇̂ =
1

𝑛
∑ 𝑦𝑖

𝑛
𝑖=1  (3) 

2.4.2. Standard deviation 

The standard deviation is a measure of how far a 
group of data deviates from the mean. The following is 
how a set of observations' standard deviation is calcu-
lated; 

𝜎̂ = √
1

(𝑛−1)
∑ (𝑦𝑖 − 𝜇̂)2𝑛

𝑖=1  (4) 

2.4.3. Sigma level 

The inverse cumulative distribution function of a con-
ventional Gaussian distribution in a particular percentile 
is used to compute the sigma level. To measure the data 
distribution from the mean, the sigma level is employed 
in conjunction with the standard deviation. 

2.4.4. Skewness 

The degree of asymmetry around the mean for a 
group of observations is measured by skewness. The ob-
servations are symmetrical if the distribution of the ob-
servations looks the same to the left and right of the 
mean. Negative skewness denotes a left-skewed distri-
bution of observations. Positive skewness denotes a 
right-skewed distribution of observations. A collection 
of observations' skewness is defined as follows; 

𝛾 =
𝑛

(𝑛−1)(𝑛−2)
∑ (

𝑦𝑖−𝜇̂

𝜎̂
)

3
𝑛
𝑖=1  (5) 
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2.4.5. Kurtosis 

For a set of observations, kurtosis is a measure of the 
distribution's relative peak/flatness. When compared to 
the normal distribution, it's usually a relative comparison. 
The normal distribution is generally used as a reference 
point. As shown in Fig. 1, negative kurtosis indicates that 
the distribution of data is comparatively flat when com-
pared to the normal distribution, whereas positive kurto-
sis indicates that the observations peaked substantially. 
As a result, calibration concerning the normal distribution 
defines the kurtosis of a set of observations as follows; 

𝜅̂ = {
𝑛(𝑛+1)

(𝑛−1)(𝑛−2)(−3)
∑ (

𝑦𝑖−𝜇̂

𝜎̂
)

4
𝑛
𝑖=1 } −

3(𝑛−1)2

(𝑛−2)(𝑛−3)
 (6) 

where 𝜎̂ and 𝜇̂ represent mean and standard deviation, 
respectively. 

2.4.6. Shannon entropy 

The term "entropy" was first used in classical thermo-
dynamics. It is a measure of a system's dysfunction. 
Later, in the realm of information/communication, 
Claude Shannon extended and adopted the concept of 
entropy as a measure of uncertainty over the actual con-
tent of a message. Entropy is recast as a function of mass 
density in statistics as follows; 

𝐻 = − ∑ 𝑃𝑖𝑙𝑛𝑃𝑖  (7) 

where 𝑃𝑖  represents mass density of a parameter. En-
tropy is a measure of a parameter's complexity and pre-
dictability in the context of statistics and probability. En-
tropy increases as a parameter becomes more complex 
and unpredictable, and vice versa.

                     
                𝜅 < 0 flat distribution      𝜅 = 0 normal distribution        𝜅 > 0 peak distribution  

Fig. 1. Different types of kurtosis.

3. Application and Results 

This study aimed to parametrically investigate the 
changes in modal frequency values on a steel profile 
caused by specified damaged schemes. For this, the AN-
SYS Workbench software program was performed to 
create a steel profile's FE model. The steel profile is mod-
eled as a cantilever beam with a 60·60 mm cross-section 
as represented in Fig. 2 and 3m length utilizing single-
sided fixed support. The material properties of the steel 
profile are E=2·1011 N/m2, ρ= 7850 kg/m3, and ν=0.3.  

 

Fig. 2. Cross-section of the steel profile. 

3.1. Finite element model  

A 3D dimensional FE model of the steel profile as 
demonstrated in Fig. 3(a) has been created by using the 
ANSYS Workbench software program to obtain the dy- 
 

namic characteristics such as natural frequency and 
mode shapes numerically. The FE model of the steel 
beam is assumed homogenous and isotropic elastic ma-
terial. Since the effect of the mesh size of the structure on 
the calculated modal natural frequency values is im-
portant in modal analysis, the mesh convergence study 
is carried out to establish a satisfactory mesh size in this 
study. The initial mesh length was chosen as 0.5 m. The 
mesh size was reduced to such an amount that the cor-
responding mode shapes did not cause a significant 
change in the natural frequency values, and thus, the ap-
propriate mesh size for the steel beam model was deter-
mined as 0.02m mesh size. The obtained modal natural 
frequency values of the undamaged steel beam are con-
sidered to compare the modal analysis results for dam-
aged cases. In the FE model, the crack depth, width, and 
distance to the support were parametrically assigned as 
the damaged scheme to the steel profile as presented in 
Fig. 3(b). To investigate the effects of those effects on the 
modal frequency values of the steel profile, first of all, the 
modal frequency values for undamaged cases corre-
sponding to the first ten-mode shapes were obtained as 
shown in Fig. 4. The first ten natural frequencies are cal-
culated between 7.31 and 397.83 Hz for the undamaged 
beam. Also, the mode shapes of the steel beam appear as 
a bending mode in the x and y direction in all modes ex-
cept the seventh mode which shows torsional modal be-
havior. The obtained undamaged case natural frequency 
values corresponding to ten-mode shapes are presented 
in Table 1. Also, the specified crack properties were de-
termined parametrically, and the changes in frequency 
values for damaged cases were examined. 
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(a)            (b) 

Fig. 3. FE model of the steel profile: (a) Undamaged; and (b) damaged case.

   
First mode  Second mode Third mode 

   
Fourth mode Fifth mode Sixth mode 

   
Seventh mode Eighth mode Ninth mode 

 
Tenth mode 

Fig. 4. Mode shapes of the steel beam. 

Table 1. Undamaged beam modal frequencies. 

Mode number 1 2 3 4 5 6 7 8 9 10 

Frequencies (Hz) 7.31 7.31 45.56 45.56 126.45 126.45 229.93 244.64 244.64 397.83 
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3.2. Creating design of experiments 

To achieve satisfactory design space for a good repre-
sentation of an underlying physical problem and not able 
to miss capturing an unexpected change in some regions 
of the design space, an enhanced Face-Centered design 
type was used (Wagner et al. 2014). For an enhanced de-
sign of the experiment, to be able to catch any drastic 
changes in the design space, a mini-CCD is added to a 
standard CCD design, where a second alpha value is added 
and arranged to half the alpha value of the standard CCD. 
Therefore, in this study, the central composite design is 
selected as a sampling method (Ren and Chen 2010).  

The lower and upper limits of the damage scenario in-
cluding crack depth, width, and distance, as input param-
eters of the steel beam model for experimental design, 
are shown in Table 2. In the experimental design, a total 
of 29 design points (one center point, 2x (2·3=6 axis 
point, and 23=8 (factorial points)) were evaluated using 
the enhanced face-centered central composite design 
approach at these upper and lower limits of the input pa-
rameters. The natural frequency values of the corre-
sponding ten-mode shapes were selected as output pa-
rameters. In the experimental design calculated min fre-
quency values depending on the upper and lower limits 
of input varying parameters are represented in Table 2.

Table 2. Upper and lower limits of input parameters and obtained corresponding min natural frequency values. 

Input parameters Parameter name Lower upper limit (mm) Mean/standard deviation 

P1 Crack depth 1-40 20.5/6.31 

P2 Crack width 1-20 10.5/3.075 

P3 Crack distance 50-2950 1500/469.22 

Output parameters  Min (Hz) 

P5 Mode 1 4.02 

P6 Mode 2 6.58 

P7 Mode 3 33.66 

P8 Mode 4 42.25 

P9 Mode 5 102.30 

P10 Mode 6 117.82 

P11 Mode 7 159.00 

P12 Mode 8 200.68 

P13 Mode 9 231.05 

P14 Mode 10 360.83 

3.3. Generating response surfaces 

The RS models are created using a genetic aggrega-
tion approach. The R2 and RMSE metrics are used to as-
sess the correctness of the RS models. Table 3 shows the 
R2 and RMSE values obtained for each related mode. It is 
generally shown that R2 and RMSE values are close to 
one and zero, respectively, which means that the RS 
models obtained have a high regression accuracy. Alt-
hough minor deviations in RMSE values occur only in the 
seventh and tenth modal frequency values as marked in 
Fig. 5(a) the relevant values are still within an acceptable 
range. 

Another indicator that shows the accuracy of the gen-
erated RS is the predicted-observed graph. This graph 
demonstrates the predicted values from the RS and the 
observed values from the design points. This provides a 
quick understanding of the compatibility of the RS to the 
experimental design points. The closer the points are to 
the diagonal line, the more the RS is aligned with the 
points. Otherwise, it cannot adequately capture the par-
ametric behavior of the RS. Therefore, it is necessary to 
reconstruct the RS. Fig. 5(a) shows the predicted-ob-
served graph created at this point. All output parameters 
and output values are normalized in the graph. As can be 
seen, the values on the RS are in good agreement with 
the values at the experimental design points.

 

Table 3: Accuracy check for response surfaces. 

Modes 1 2 3 4 5 6 7 8 9 10 

R2 1 0.99 1 0.99 1 0.99 0.92 0.99 0.99 0.98 

RMSE 4.3E-7 0.013 1.9E-5 0.027 8.2E-6 0.081 5.57 0.46 0.18 1.35 
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The local sensitivity plots of RS models according to 
the average value of the input parameters as a response 
point are shown in Fig. 5(b). In general, crack width 
seems to have the lowest effect compared to the other 
two damage conditions, considering all-natural fre-
quency values. The effects of crack depth and distance on 
natural frequency values vary in each mode. It is ob-
served that the crack distance has the most important ef-
fect on the first, second, fifth, and sixth modal natural fre-
quency values, while the crack depth has the most influ-
ence on the natural frequency values for the other mode 

shapes. It can also be seen that there is no significant ef-
fect on the fifth and sixth natural frequency values in the 
case of crack depth compared to those in other modal 
natural frequency values. The local sensitivity of the 
crack depth ranges from approximately 3% to 90%, with 
the greatest sensitivity occurring in the eighth mode 
shapes. On the other hand, the local sensitivity range of 
the crack distance is not as variable as the crack depth 
and it seems to be between 20 and 45%. The mode in 
which the crack distance is most effective corresponds to 
the seventh mode which is the torsional mode.

         
        (a)                                                                                                  (b)  

Fig. 5. (a) Predicted vs. observed points; (b) Sensitivity analysis of input-output parameters.

In the result of the RS analysis, another significant 
view to understanding the effects of damage scenarios 
on the steel beam is the min search matrix of output pa-
rameters as depicted in Table 4. The importance of the 
min search matrix of the output parameters is valuable 
in terms of determining the convergence and divergence 
of the min modal natural frequency values in the lower 
and upper limit values given in damage scenarios.  

The min values for all modal natural frequencies oc-
cur when the crack depth converges to the upper limit 

value. Also, in general, crack width shows the same be-
havior as crack depth, just the last two natural frequen-
cies are close to the upper limit values. On the other 
hand, the min values of the first, second, fourth, sixth, 
seventh, and tenth modal natural frequencies are re-
vealed when the crack distance converges to the lower 
limit value. Furthermore, in third, eighth, and ninth 
mode shapes, natural frequencies converge towards the 
mean value of lower and upper limit values in the crack 
distance.

Table 4. Min search of output parameters. 

 Input parameters  
(mm) 

Output parameters  
(Hz) 

Name P1 P2 P3 P5 P6 P7 P8 P9 P10 P11 P12 P13 P14 

Output parameter minimums 

P5 - Mode 1 40.00 20.00 50.00 4.02 6.58 35.87 42.25 109.67 117.82 159.00 222.02 234.56 360.85 

P6 - Mode 2 40.00 20.00 50.00 4.02 6.58 35.87 42.25 109.67 117.82 159.00 222.02 234.56 360.85 

P7 - Mode 3 40.00 20.00 1499.36 6.32 7.17 33.66 42.62 122.01 125.96 187.61 200.68 231.22 377.97 

P8 - Mode 4 40.00 20.00 50.00 4.02 6.58 35.87 42.25 109.67 117.82 159.00 222.02 234.56 360.85 

P9 - Mode 5 40.00 20.00 2224.63 6.96 7.28 40.41 44.37 102.30 119.83 206.53 217.23 235.80 381.68 

P10 - Mode 6 40.00 20.00 50.00 4.02 6.58 35.87 42.25 109.67 117.82 159.00 222.02 234.56 360.85 

P11 - Mode 7 40.00 20.00 50.00 4.02 6.58 35.87 42.25 109.67 117.82 159.00 222.02 234.56 360.85 

P12 - Mode 8 40.00 20.00 1498.31 6.32 7.17 33.66 42.62 122.01 125.96 187.58 200.68 231.22 377.97 

P13 - Mode 9 40.00 15.15 1497.28 6.52 7.18 33.84 42.61 122.46 126.05 191.92 201.09 231.05 378.82 

P14 - Mode 10 40.00 18.73 50.00 4.11 6.59 35.94 42.28 109.72 117.96 160.49 222.06 234.57 360.83 
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The last investigation in this section is to present the 
created RS that allows understanding the effect of each 
input parameter on the output parameters. Each damage 

scenario is examined for all ten modal natural frequency 
values corresponding to mode shapes as illustrated in 
Fig. 6.

 
(a) 

 
(b) 

 
(c) 

Fig. 6. Obtained response surfaces of input-output parameters: (a) Crack depth; (b) Crack width; (c) Crack distance.

The increase in crack depth and crack width causes an 
increase in the all-modal natural frequency values of the 
steel beam model. The frequency changes for corre-
sponding modes caused by the crack depth and width 
vary between about 0.25%-25% and 0.02%-3.5%, re-
spectively, depending on the lower and upper limits. In 

the case of crack depth, the max shift in natural fre-
quency occurs in the third mode with an approximate in-
crease of 25%, and the modal frequency values in tor-
sional mode 7 follow it with a raise of about 15%, while 
the results show that percentage of increase in modal 
natural frequency is the minimum at mod 6 with a value 
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of 0.25%. When the percentage increase of crack width 
on the modal frequency values is examined, it is ob-
served that the lowest percentage increases are 0.015% 
in the sixth mode and 0.02% in the second mode. On the 
other hand, it turns out that the highest percentage in-
crease is approximately 4% in the torsional mode, which 
is the seventh mode shape. In addition, when the crack 
width is analyzed as percentage increase values, it is re-
vealed that it increases less than other crack parameters. 
Finally, for the crack distance, it is observed that the 
modal natural frequency increase values vary in the 
range of approximately 1.4%-10% in the corresponding 
mode shapes. It is seen that the percentage increase of 
the crack distance decreases as it moves away from the 
support area. The highest percentage increase is ob-
served at the first natural frequency, and the lowest per-
centage increase is at the ninth natural frequency. 

3.4. Six sigma analysis 

The Latin Hypercube Sampling (LHS) approach is 
used by default in the ANSYS Workbench platform for SS 
assessments. With LHS, points are created at random 
over the design space in a square grid, but no two points 
have the same value input parameters. This means that 
no point in the grid shares a row or column with another 
point.  

The statistical features described in previous sections 
of the input and output parameters are depicted in Ta-
bles 5 and 6, respectively. Although the standard devia-
tions of the lower and upper limit values seem to be a 

little bit higher amount, especially in the crack distance 
due to a better understanding of the effects of cracks 
schemes in the input parameters, the standard deviation 
values obtained in the output parameters were not that 
high. Considering the numerical magnitudes of the 
modal frequency values obtained from the modal analy-
sis, it can be said that the standard deviation values ob-
tained in the output parameters are suitable for statisti-
cal analysis. This can be also said for the sigma level and 
skewness which shows enough convergence of both in-
put and output parameters. In the kurtosis of input and 
output parameters, all of the input parameters demon-
strate normal distributions, whereas all of the output pa-
rameters illustrate peak distribution except the seventh 
and tenth modes which are close to normal distribution. 
Finally, The Shannon entropy which presents a measure 
of the complexity and predictability of input and output 
parameters is calculated as enough small amount that 
demonstrates less complex, and more predictable distri-
butions of the corresponding parameters. 

Also, probability density function histograms and cu-
mulative density functions of the random variable distri-
bution after 10,000 simulations of the 3 input and 10 
output parameters are represented in Figs. 7 and 8, re-
spectively. The histogram of random variable sample 
distribution can describe the distribution of random var-
iables. As it can be seen from the probability density dis-
tributions of the parameters, the input and output pa-
rameter distribution curves are smooth and without any 
gaps, presenting that enough input simulations are con-
verging the statistical requirements.

Table 5. Description of input parameters. 

Properties Crack depth Crack width Crack distance 

Mean 20.50 10.50 1500 

Standard deviation 6.31 3.07 469.41 

Skewness -5.71E-04 4.22E-04 1.59E-03 

Kurtosis -3.54E-03 -2.15E-03 1.93E-02 

Shannon entropy  3.26 2.54 7.57 

Sigma minimum -3.81 -3.81 -3.81 

Sigma maximum 3.81 3.81 3.81 

Table 6. Description of output parameters. 

Modes 1 2 3 4 5 6 7 8 9 10 

Mean 7.12 7.26 42.64 44.89 121.12 125.20 206.67 230.66 240.54 388.80 

Standard deviation 0.20 0.05 1.33 0.34 2.26 0.87 8.18 4.63 1.56 3.59 

Skewness -2.12 -1.32 -0.42 -0.95 -0.65 -0.97 0.18 -0.50 -0.51 -0.10 

Kurtosis 7.72 3.75 1.43 2.38 2.34 1.33 0.28 1.52 1.51 0.27 

Shannon entropy  -0.48 -1.68 1.69 0.28 2.17 1.16 3.51 2.94 1.84 2.70 

Sigma minimum -3.81 -3.81 -3.81 -3.81 -3.81 -3.81 -3.81 -3.81 -3.81 -3.81 

Sigma maximum 3.81 3.81 3.81 3.81 3.81 3.81 3.81 3.81 3.81 3.81 
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               (a)                                                                (b)                                                                 (c)                                                                                       

Fig. 7. Probability density of parameters: (a) Crack depth, P1; (b) Crack width, P2; (c) Crack distance, P3. 

 
                                                   (a)                                                                (b)                                                                 (c)                                                                             

 
                                                   (d)                                                                (e)                                                                 (f)                                                                             

 
                                                   (g)                                                                (h)                                                                 (i)                                                                             

 
(j)          

Fig. 8. Probability density of parameters: (a) Mode 1, P5; (b) Mode 2, P6; (c) Mode 3, P7;(d) Mode 4, P8;  
(e) Mode 5, P9; (f) Mode 6, P10; (g) Mode 7, P11; (h) Mode 8, P12; (i) Mode 9, P13; (j) Mode 10, P14. 
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A cumulative distribution function plot is a useful tool 
for calculating the probability that a project's design 
meets or fails to meet reliability standards, as well as as-
sessing the project's reliability and failure probability. 
Reliability is defined as the probability that no failure oc-
curs. The probability that an output parameter will re-
main below a given level as shown by the values on the 
X-axis of the plot is represented by the value of a cumu-
lative distribution function of that output parameter. In 
the context of this study, the eigenfrequencies can be 
chosen to be above a specific permissible limit, and if an 
eigenfrequency falls below this limit, a failure event hap-
pens. As a result, the cumulative distribution function is 
understood as the steel beam's failure probability curve.  

It can be seen from Fig. 8 that the distributions for 
first, second, fourth, and sixth modal natural frequency 
values increase as those get closer to the natural fre-
quency value obtained in the undamaged condition. It is 
observed that the natural frequency values of the third, 
fifth, seventh, eighth, ninth, and tenth mode shapes are 
concentrated at about 7, 5, 10, 6, 2, and 3% of undam-
aged modal natural frequency values, respectively. 

 

4. Conclusions 

This study aimed to examine the effect of damage 
schemes specified on the steel beam model on the modal 
frequency value of the steel beam, by using the natural 
frequency values representing the undamaged state ob-
tained by creating a FE model of a box section steel pro-
file modeled as a fixed beam. For damage schemes, crack 
depth, width, and distance from the support point were 
selected and were defined as the input variable parame-
ters. The effects of the generated crack schemes on the 
modal natural frequencies of the steel beam were inves-
tigated statistically with the help of RS and SS analyses. 
The following conclusions can be drawn from the pre-
sent study; 
 The first ten modal natural frequency values were 

evaluated between 7.31 Hz and 397.83 Hz for the un-
damaged steel beam model. For the damage cases in 
the steel beam, the max decrease in those frequency 
values for the corresponding mode shapes was calcu-
lated as 4 Hz and 360.8 Hz.   

 Considering the three damage conditions, crack width 
seems to be the least sensitive effect on the natural 
frequency change corresponding to all mode shapes 
when compared with crack depth and distance. 

 Crack depth has the most influence on first, second, 
fifth, sixth, and tenth bending modes and torsion 
modes, whereas, the crack distance presents the most 
sensitive behavior in third, fourth, eighth, and ninth 
mode shapes.  

 The max decrease in modal natural frequency values 
is approximately 25, 3.5, and 10% for crack depth, 
width, and distance, respectively compared to those 
with undamaged cases in the steel beam. 

 SS analyses demonstrate that there is enough conver-
gence of both input and output parameters from the 
statistical analysis point of view and less complex, and 
more predictable distributions are achieved.  

 The first, second, fourth, and sixth modal natural fre-
quency distributions obtained in the damaged condi-
tion converge to the frequency values calculated by 
the natural frequency values in the undamaged condi-
tion. The natural frequency values of the other mode 
shapes are concentrated in approximately 7, 5, 10, 6, 
2, and 3% of the frequency values obtained in the un-
damaged condition, respectively.   
The fundamental of structural health monitoring is 

that the damage in the structures will cause a general de-
crease in stiffness, which will cause a change in the gen-
eral dynamic behavior of the structures. This decrease in 
stiffness causes a decrease in the modal frequency values 
of the structure. As a result of the analyses performed in 
this study, the fact that the damages to the steel beam 
model caused a significant decrease in the modal fre-
quency values of the structure shows parallelism with 
this issue. The employed analysis will enable which type 
of damage plays a more critical role in the modal natural 
frequency values of the structure, thus determining the 
resonance frequency values of the structure and taking 
the necessary precautions beforehand. In addition, in 
cases where existing damage to the structure is known, 
the progression of the damage will provide statistically 
significant data on the modal behavior of the structure. 
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A B S T R A C T 

The common way to amplify strength and stiffness of the tank wall is to use the stiff-
ening rings. These stiffening rings can be classified as the primary and secondary 

stiffening rings (PSRs and SSRs). PSR is placed around the top of the tank shell and it 

assists to avoid ovalization at the top when the open-top tank is exposed to the ex-

ternal pressure. PSR having small dimensions may be used for fixed roof tanks since 

the roof system attached to the top of the cylindrical shell provides a natural restraint 
at this location. On the other hand, one or more SSRs may be required to preclude 

local buckling in both fixed and open-top cylindrical steel tanks (CSTs) which are ex-

posed to external pressure. The requirements of single secondary stiffening ring have 

been investigated in detail in previous studies. However, in same cases, a single SSR 

does not provide sufficient resistance to maintain stability over the entire shell 

height. Thus, buckling capacity of the CSTs with two identical secondary stiffening 

rings have been explored in this present work. Pursuant to this aim, the requirements 

for stiffness of the SSRs which are given in terms of minimum second moment of area 

(SMA) were evaluated by performing Linear Elastic Bifurcation Analysis (LBA) of 

CSTs under uniform external pressure. Analysis results show that minimum SMA ex-

pression proposed by Blackler underestimates critical buckling value for the tanks, 

having especially low height-to-diameter ratios and low radius-to-thickness ratios. 
Furthermore, to trace strength reduction in the tank due to geometrical imperfec-

tions, Geometrically Nonlinear Analysis including Imperfections (GNIA) was per-

formed. Analysis findings affirm that thin-walled structures are very sensitive to ge-

ometrical imperfections. 
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1. Introduction 

Cylindrical shells (CSs) are commonly employed in 
many structural and engineering applications such as 
cooling towers, chimneys, silos, tanks and pipelines. In 
these types of the cylindrical structures, curved thin 
steel plates are commonly used to form shell courses of 
storage tank structures. Using welds or bolts, the courses 
are mounted on each other to form the entire tank shell 
wall (Shokrzadeh and Sohrabi 2016a; 2016b, Hu et al. 
2019; Mehretehran and Meleki 2022). Since these struc-
tures have small wall thickness, they are vulnerable to 

buckling due to external or internal loads, which are two 
main type of loads that they are subjected to. Pressures 
from the stored product and vacuum pressure due to 
process can be classified as internal loads. On the other 
hand, seismic action and wind are considered external 
loads. Seismic effects on the tank structures have been 
extensively studied by many researchers (Haroun and 
Housner 1981; Çelik et al. 2018, 2019; Hamdan 2000; 
Maheri and Abdollahi 2013; Güray and Yazici 2015; 
Spritzer and Guzey 2017a, 2017b; Çelik and Köse 2020; 
Çelik 2022). Effect of external pressure such as wind on 
the cylindrical shell structures was studied by Esslinger  
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Nomenclature 

t thickness of the shell 

H height of the cylindrical shell 

r the radius of the cylindrical shell 

D the diameter of the cylindrical shell 

E modulus of elasticity 

Ix minimum second moment of area expression 

Ix,Blackler minimum second moment of area expression 
proposed by Blackler 

ν Poisson’s ratio 

qcr circumferential classical elastic buckling 
pressure 

qLBA critical buckling pressure obtained from LBA 

qGNIA critical buckling pressure obtained from GNIA 

ur radial displacement 

 
and Geier (1976), Guggenburger (1995), Greiner (2001), 
Sosa and Godoy (2010), Cao et al. (2018), Zeybek et al. 
(2019, 2021), Zeybek (2021), Zdravkov (2022), and Zey-
bek and Topkaya (2022). Either uniform or non-uniform 
external pressure was considered in these studies. Fur-
thermore, the thin walls make the tank more vulnerable 
to instability under external pressure when empty or at 
low levels (Ansourian 1992; Flores and Godoy 1998; 

Maraveas 2015). Improving strength and stiffness of the 
tank can be performed with an increase in the wall thick-
ness of it. However, this solution may not be economical 
in some cases. Another alternative is to use stiffening 
rings. Two main stiffening ring types for CSs are illus-
trated in Figs. 1-3, which are primary stiffening ring (PSR) 
and the secondary stiffening ring (SSR) (Zeybek 2022).  

The primary job of PSR (Figs. 1-3) is restraining 
ovalization at the top of CSTs when the external pressure 
exposed to tank. The full tank height is stabilized by PSR 
in open-top tanks (EN 14015 2004). It is placed around 
the top of CSTs (EN 14015 2004; EN 1993-4-2 2007; API 
650 2013). PSR can sometimes be called as the wind 
girder (Zeybek et al. 2021; Zeybek and Topkaya 2022). 
On the other hand, PSR having small dimensions may be 
used for fixed roof tanks since the roof system attached 
to the top of the cylindrical shell provides a natural re-
straint at this location (Zeybek 2022). 

Zeybek et al. (2019, 2021), and Zeybek and Topkaya 
(2022) investigated both the requirements for strength 
and stiffness of the PSRs. Practical expressions for the 
stress resultants and required second moment area of 
the PSR were developed by considering interaction be-
tween CS and PSR. Furthermore, buckling strength 
curves were proposed for the open-top tanks by consid-
ering different imperfection amplitudes.

      

Fig. 1. A cylindrical steel tank with a PSR (https://epcmholdings.com/introduction-to-storage-tanks/). 

      

Fig. 2. A cylindrical steel tank with a PSR and a single SSR (courtesy of Dr. Zdravkov). 
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Fig. 3. A cylindrical steel tank with a PSR and a two SSRs (courtesy of Dr. Zdravkov).

When the PSR does not have enough strength for buck-
ling resistance, it is expected that a global buckling can be 
formed, i.e., the edges of CSTs and the PSR buckle together 
(Schmidt et al. 1998; Sun et al. 2018). Both PSR and SSR are 
designed to not buckle even though the shell wall buckles. 
For both open-top and fixed roof CSTs, one or more SSRs 
may be necessary to prevent local buckling of the CSTs un-
der external pressure. Sun et al. (2018) examined the 
open-topped CTSs with PSR and one SSR exposed to wind 
loads. The possibility of reducing sizes of stiffening rings 
was investigated by making use of numerical studies. 

Zeybek (2022) developed the design expressions for 
anchored open top tanks with a single SSR. Both re-
quired stiffness and strength of the single SSR were ob-
tained from proposed shell-ring stiffness ratio. A new 
criterion for the stability design of the tanks with one 
SSR was developed by considering shell-ring interaction. 

 

2. Linear Elastic Bifurcation Analyses (LBA) to 
Evaluate the Current Approach to SSR Size 

The buckling behavior of unstiffened CSs which were 
exposed to external pressure was examined by many re-
searchers (von Mises 1914; Southwell 1913a, 1913b, 
1915; Flugge 1932; Batdorf 1947; Ebner 1952; Donnell 
1956, 1958). Based on these comprehensive studies, cir-
cumferential classical elastic buckling pressure was pro-
posed as follows:  

𝑞𝑐𝑟 = 0.92𝐸 (
𝑡

𝑟
)
2

(
√𝑟𝑡

𝐻
) (1) 

As mentioned before, the most economical path of in-
creasing the buckling resistance of the CS is to use SSRs 
(Greiner 2001). However, the main challenge for many 
designers is determining the required ring size. Many re-
searches were conducted to obtain proper size of the 
ring. Biezeno and Koch (1939) showed that usage of a 
stiffening ring may increase load carrying capacity of the 
CS and it may assist to prevent out-of roundness of the 
shell under external pressure. Blackler (1986) investi-
gated buckling resistance of the CS structures, which 
were uniformly exposed to external pressure. He pro-
posed a stiffness requirement, which is related to mini-
mum SMA, by considering classical eigenvalue analysis. 

Based on the simple boundary conditions and constant 
shell wall thickness, the minimum SMA expression for 
two identical stiffening rings was obtained as follows: 

𝐼𝑥,Blackler = 0.105𝐻𝑡3 (2) 

Abovementioned expression proposed by Blackler 
(1986) is assessed by considering comprehensive finite 
element analyses in this part of the study. According to 
the studies conducted by Godoy (2016) and Rotter et al. 
(2015), tanks are thinner and squatter structures having 
r/t ranging between 500 and 3000 (500<r/t<3000) and 
H/D<1.0. Thus, the geometrical properties of the tanks 
used in the numerical study are given in Table 1. 

For this purpose, H/D ratio, r/t ratio and the dimen-
sion of the SSRs were selected for prime parameters. 
H/D ratios of 1.0, 0.75, 0.50, and 0.25 and r/t ratios of 
500, 1000, 1500, 2000, 2500 and 3000 were utilized. In 
the numerical study, a total of 720 analyzes were per-
formed by taking into account the different SSR ring 
sizes. Finite element software of ANSYS v12.1 (2010) 
was utilized to assess the effectiveness of current design 
approach. As demonstrated in Fig. 4, four-node shell ele-
ments (shell63) and two-node beam elements (beam4) 
were utilized to mesh tank shell and two identical SSRs, 
respectively. All freedoms were restrained at the base of 
the CS to represent the bottom edge of the CSTs. On the 
other hand, radial and tangential translational restraints 
(Ur = Uθ = 0) were performed to the top of the CST to 
mimic the effects of the steel roof or PSR (Zhao and Lin 
2014). E of 200 GPa and ν of 0.3 were utilized. Two iden-
tical SSRs were placed at the H/3 and 2H/3 of the CSTs 
in all numerical models as depicted in Fig. 4. A uniform 
external pressure was applied around the circumference 
of the cylindrical shell in the models. 

The critical buckling pressure (qLBA) was determined 
by performing LBA. The requirement of SMA recom-
mended by Blackler (1986) was assessed by taking into 
account of the entire dataset. Non-dimensional findings 
are depicted in Figs. 5-8. In this figure, the SMA of the an-
nular plate rings (Ix) is normalized by the SMA recom-
mended by Blackler (1986) (Ix,Blackler). qLBA is normalized 
by the circumferential classical buckling pressure (qcr) 
given in Eq. (1). It should be noted that normalized val-
ues (Ix/Ix,Blackler) are plotted on the logarithmic scale.  



102 Zeybek and Özkılıç / Challenge Journal of Structural Mechanics 8 (3) (2022) 99–109  

 

Table 1. Geometrical properties of the cylindrical steel tanks. 

r t r/t H H/D 

6000 12 500 12000 1 

6000 6 1000 12000 1 

12000 8 1500 24000 1 

12000 6 2000 24000 1 

12000 4.8 2500 24000 1 

15000 5 3000 30000 1 

8000 16 500 12000 0.75 

8000 8 1000 12000 0.75 

12000 8 1500 18000 0.75 

12000 6 2000 18000 0.75 

12000 4.8 2500 18000 0.75 

15000 5 3000 22500 0.75 

6000 12 500 6000 0.5 

6000 6 1000 6000 0.5 

12000 8 1500 12000 0.5 

12000 6 2000 12000 0.5 

12000 4.8 2500 12000 0.5 

15000 5 3000 15000 0.5 

12000 24 500 6000 0.25 

12000 12 1000 6000 0.25 

12000 8 1500 6000 0.25 

12000 6 2000 6000 0.25 

12000 4.8 2500 6000 0.25 

15000 5 3000 6000 0.25 

 

Fig. 4. Finite element modelling of a representative tank with two SSRs.

As shown in Fig. 5, proposal of Blackler (1986) pro-
vides sufficient stiffness for the secondary stiffening 
rings in the cylindrical shells having radius-to-thickness 
(r/t) ratio ranging between 500-3000. Two bounds (un-
stiffened and fully stiffened) are also shown in the same 
figures. In unstiffened case, there is no secondary stiffen-
ing ring in the cylindrical shells; however, relatively stiff 
two SSRs are installed in the fully stiffened case. For the 
unstiffened case, the normalized buckling pressures 
(qLBA/qcr) converge to the value of 1.25. On the other 
hand, normalized buckling pressures are 3.37, 3.28, 3.24, 
3.23, 3.20, 3.19 for r/t of 500, 1000, 1500, 2000, 2500 

and 3000 respectively, taking into account fully stiffened 
case considered. 

In the same manner, Fig. 6 shows that Blackler‘s 
(1986) recommendation is almost sufficient for the all 
cases in the H/D of 0.75. For the unstiffened case, the 
normalized buckling pressures (qLBA/qcr) converge to the 
value of 1.25. On the other hand, normalized buckling 
pressures are 3.45, 3.35, 3.29, 3.27, 3.25, 3.24 for r/t of 
500, 1000, 1500, 2000, 2500 and 3000 respectively, tak-
ing into account fully stiffened case considered. 

Fig. 7 shows that Blackler‘s (1986) recommendation 
provides sufficient stiffness for the r/t of 2000, 2500 and 

Ur =Uθ = 0

Secondary

stiffening ring

Secondary

stiffening ring

Ux = Ur =Uθ = Rotx = Rotr =Rotθ = 0
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3000 in the H/D of 0.5. However, proposal of Blackler 
(1986) slightly underestimates required ring sizes for 
the r/t of 500, 1000 and 1500. For the unstiffened case, 
the normalized buckling pressures (qLBA/qcr) converge to 

the value of 1.25. On the other hand, normalized buckling 
pressures are 3.66, 3.5, 3.4, 3.35, 3.33, 3.31 for r/t of 500, 
1000, 1500, 2000, 2500 and 3000 respectively, taking 
into account fully stiffened case considered. 

 

Fig. 5. Evaluation of SMA requirement proposed by Blackler for H/D=1.0.

As shown in Fig. 8, proposal of Blackler (1986) does 
not provide sufficient stiffness for all cases in the H/D of 
0.25. For the unstiffened case, the normalized buckling 
pressures (qLBA/qcr) converge to approximately the value 
of 1.25. On the other hand, normalized buckling pres-
sures are 4.56, 3.96, 3.76, 3.67, 3.6, 3.56 for r/t of 500, 

1000, 1500, 2000, 2500 and 3000 respectively, taking 
into account fully stiffened case considered. 

As already mentioned, two bounds representing un-
restrained shell (no SSRs) and fully restrained with two 
identical stiff SSRs are also reported in Figs. 5-8. The data 
points fall in between these two bounds. Furthermore, 
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the proposed SMA by Blackler (1986) underestimates 
the critical size of the SSRs, especially for low height-to-
diameter ratios and low radius-to-thickness ratios. For 
instance; ring size should be at least 1.88 times to pro-
posal of Blackler to reach the critical size of the ring for 
H/D=0.5 with r/t=500 case. On the other hand, for 
H/D=0.25 with r/t =500 case, ring size should be at least 
3.0 times to proposal of Blackler to reach the critical size 
of the ring. 

A typical CST was chosen to investigate modes of 

buckling of the tank which is uniformly exposed to ex-
ternal pressure by considering different normalized 
SMA values (Ix/Ix,Blackler). For this purpose, a CS having 
diameter of 6000mm, height of 6000mm, and uniform 
wall thickness of 12mm was selected (H/D=0.5, 
r/t=500). 

The buckled shapes of CSTs which is uniformly ex-
posed to external pressure are presented for the 
Ix/Ix,Blackler=0.01, Ix/Ix,Blackler=0.2, Ix/Ix,Blackler=1.0, Ix/Ix,Black-

ler=1.88 in Fig. 9.

 

Fig. 6. Evaluation of SMA requirement proposed by Blackler for H/D=0.75.  
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Fig. 7. Evaluation of SMA requirement proposed by Blackler for H/D=0.5.

 
Fig. 8. (continued) 
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Fig. 8. Evaluation of SMA requirement proposed by Blackler for H/D=0.25.

      
            (a) Ix/Ix,Blackler = 0.01    (b) Ix/Ix,Blackler = 0.20 

      
             (c) Ix/Ix,Blackler = 1.00    (d) Ix/Ix,Blackler = 1.88 

Fig. 9. Buckling mode shapes considering different SMA ratios (Ix/Ix,Blackler). 
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As shown in Fig. 9, the SSRs participate in the buckling 
of CS when Ix/Ix,Blackler=0.01, Ix/Ix,Blackler=0.2. Furthermore, 
for the proposed SMA by Blackler (1986) case (Ix/Ix,Black-

ler=1.0), SSRs are still involved in the buckling mode and 
critical buckle height is long. To obtain sufficient stiff-
ness, the critical ring size should be at least 1.88 times 
proposal of Blackler (1986) for the case considering 
H/D=0.5 with r/t=500.  

 

3. Imperfection Sensitivity of CSTs with two SSRs – 
Geometrically Nonlinear Analysis Including 
Imperfections (GNIA) 

CSTs generally exhibit severe imperfection sensitivity 
since they have small wall thickness. Thus, changes in 
the geometry of CSTs during loading and small devia-
tions in geometry should be taken into account in the 
design stage. Sonat et al. (2015) reported that geomet-
rical imperfections decrease the elastic buckling capac-
ity considerably under linear bifurcation value. There 
are many reasons of imperfections (deviations from 
ideal circular shape) such as constructional defects ow-
ing to welded seams between two shell strakes, out-of 

straightness or ovalization of the CS surface due to fabri-
cation, handling and transporting stages (de Paor et al. 
2012; Yan et al. 2021; Godoy 2016). Generally, there are 
two types of imperfections used in the shell analysis, i.e 
depressions due to welds and eigen-mode affine imper-
fection shapes. The most detrimental shape of imperfec-
tion (also called eigen-mode affine imperfection shapes) 
was considered in this phase of the study. This pattern 
is based on the lowest eigenvalue and, the results are 
conservatively estimated in terms of strength (Godoy 
2016; Sun et al. 2018). Greiner and Derler (1995) re-
ported that short or broad CS structures (low H/D ratio) 
are the most sensitive to eigen-mode affine imperfec-
tions when compared to slender shell structures. Thus, 
GNIA was carried out on a specific case (H/D=0.25 with 
r/t=500) to investigate the influence of geometrical im-
perfections on CSTs subjected to external pressure, 0.1t, 
0.25t, 0.5t and 1.0t are chosen as imperfection ampli-
tudes in the numerical model. The radial displacement 
values (ur) at mid-height along the stagnation meridian 
were recorded and normalized by the tank shell thick-
ness (t). Ratio of the buckling pressure loads (qGNIA/qLBA) 
are plotted against normalized values (ur/t) as shown in 
Fig. 10.

 
Fig. 10. Relationship between normalized buckling load values and radial displacement for H/D=0.25 with r/t=500 case.

As shown in Fig. 10, as the imperfection amplitude is 
rised, the buckling strengths determined from GNIA 
(qGNIA) deviates from qLBA. According to the analysis re-
sults, the qcr,GNIA/qcr,LBA ratios extend to 0.87, 0.75, 0.63 
and 0.46 for imperfection amplitudes of 0.1t, 0.25t , 0.5t, 
0.75t and 1.0t, respectively. 

 

4. Conclusions 

This paper has examined buckling capacity of CSTs 
with two identical SSRs under external pressure. Pursu-
ant to this aim, a numerical study was carried out on 
CSTs with different shell geometries and SSR dimensions 
by making use of LBA. The analysis results demonstrated 

that SMA requirement proposed by Blackler (1986) gen-
erally provides sufficient strength when the tank struc-
tures have high H/D ratios and r/t ratios. Yet, for low H/D 
ratios and low r/t ratios, proposal of Blackler underesti-
mates critical buckling pressure of tanks with two iden-
tical SSRs. In other words, Blackler‘s (1986) recommen-
dation generally provides sufficient stiffness for all cases 
of H/D ratio of 0.75 and 1.0. Proposal of Blackler (1986) 
slightly underestimates required ring sizes for the r/t of 
500, 1000 and 1500 when H/D is equal to 0.5 and for all 
cases when H/D is equal to 0.25. What is more, GNIA was 
also executed to examine the influence of geometrical 
imperfections on buckling strength of the tanks. The first 
eigenmode (eigenmode-affine pattern) was utilized for 
imperfection patterns such as 0.1t, 0.25t, 0.5t, 0.75t and 
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1.0t. According to the analysis results, the buckling pres-
sure values obtained from GNIA diverge considerably 
from LBA results, with a rising difference as the ampli-
tude of imperfection is increased. This means that high 
imperfection amplitudes lead to a great amount of 
strength reduction. This affirms that load bearing capac-
ity of the thin-walled CSTs are very sensitive to geomet-
rical imperfections. 

 

Acknowledgements 

None declared.  
 

Funding 

The authors received no financial support for the re-
search, authorship, and/or publication of this manu-
script.  

 

Conflict of Interest 

The authors declared no potential conflicts of interest 
with respect to the research, authorship, and/or publica-
tion of this manuscript.  

 

REFERENCES 
 

Ansourian P (1992). On the buckling analysis and design of silos and 

tanks. Journal of Constructional Steel Research, 23, 273-294.  

ANSYS (2010). Version 12.1 On-line User’s Manual. 
API 650 (2013). Welded tanks for oil storage (12th ed.), American Pe-

troleum Institute, Washington, DC, USA. 

Batdorf SB (1947). A simplified method of elastic stability analysis for 
thin cylindrical shells. NACA TN No.1341. 

Biezeno CB, Koch JJ (1939). The buckling of a cylindrical tank of varia-

ble thickness under external pressure. 5th International Congress 
for Applied Mechanics, ASME, 34-39. 

Blackler MJ (1986). Stability of Silos and Tanks under Internal and Ex-

ternal Pressure. PhD thesis, School of Civil and Mining Engineering, 
University of Sydney, Australia. 

Cao QS, Zhao Y, Zhang R (2018). Wind induced buckling of large circu-

lar steel silos with various slenderness. Thin-Walled Structures, 130, 
101-113. 

Çelik Aİ (2022). Impact analysis of cylindrical steel water storage tanks 

under the seismic action. International Journal of Advances in Engi-
neering and Pure Sciences, 34(1), 1-13. 

Çelik Aİ, Köse MM (2020). Dynamic buckling analysis of cylindrical 

steel water storage tanks subjected to Kobe earthquake loading. 
Steel Construction, 13, 128-138. 

Çelik Aİ, Köse MM, Akgül T, Apay AC (2018). Directional-deformation 

analysis of cylindrical steel water tanks subjected to El-Centro 
Earthquake loading. Sigma Journal of Engineering and Natural Sci-

ences, 36(4), 1033-1046. 

Çelik Aİ, Köse MM, Akgül T, Apay AC (2019). Effects of the shell thick-
ness on the directional deformation and buckling on the cylindrical 

steel water tanks under the Kobe Earthquake loading. Sakarya Uni-

versity Journal of Science, 23(2), 269-281. 
de Paor C, Cronin K, Gleeson JP, Kelliher D (2012). Statistical character-

isation and modelling of random geometric imperfections in cylin-

drical shells. Thin-Walled Structures, 58, 9-17. 

Donnell LH (1956). Effect of imperfections on buckling of thin cylinders 

under external pressure. Journal of Applied Mechanics, ASME, 23(4), 

569-575. 
Donnell, LH (1958). Effect of imperfections on buckling of thin cylin-

ders with fixed edges under external pressure. 3rd US National Con-

gress of Applied Mechanics, ASME, 305-311, New York. 
Ebner H (1952). Theoretical and experimental investigations on buck-

ling of cylindrical tanks subjected to reduced pressure. Stahlbau, 21, 

153-159. (in German)  
EN 1993-4-2 (2007). Eurocode 3: Design of Steel Structures, Part 4.2: 

Tanks, Eurocode 3 Part 4.2, CEN, Brussels. 

EN 14015 (2004). Specification for the Design and Manufacture of Site 
Built, Vertical, Cylindrical, Flat-Bottomed, above Ground, Welded, 

Steel Tanks for the Storage of Liquids at Ambient Temperature and 

above. CEN, Brussels. 
Esslinger M, Geier B (1976). On the buckling behavior of thin-walled 

isotropic circular cylinders subjected to external pressure. DVFLR, 

Institut fur Flugzeugbau, Braunschweig, IB 152-76/03. 
Flores FG, Godoy LA (1998). Buckling of short tanks due to hurricanes. 

Engineering Structures, 20(8), 752-760. 

Flügge W (1932). Die Stabilität der Kreiszylinderschale. Ingenieur-Ar-
chiv, 3(5), 463-506. (in German) 

Godoy LA (2016). Buckling of vertical oil storage steel tanks: Review of 

static buckling studies. Thin-Walled Structures, 103, 1-21. 
Greiner R (2001). Cylindrical Shells under Uniform External Pressure. 

In: Buckling of Thin Metal Shells (Ed. Teng JG and Rotter JM), Spon 

Press, London, 154-174. 
Greiner R, Derler P (1995). Effect of imperfections on wind-loaded cy-

lindrical shells. Thin-Walled Structures, 23(1-4), 271-281. 

Guggenburger W (1995). Buckling and postbuckling of imperfect cylin-
drical shells under external pressure. Thin Walled Structures, 23(1-

4), 351-366. 

Güray E, Yazici G (2015). Sloshing in medium sized tanks under earth-
quake load. Gradevinar, 67(7), 655-662. 

Hamdan FH (2000). Seismic behaviour of cylindrical steel liquid stor-

age tanks. Journal of Constructional Steel Research, 53(3), 307-333. 
Haroun MA, Housner GW (1981). Seismic design of liquid storage tanks. 

Journal of Technical Councils of ASCE, 107(1), 191-207. 

Hu W, Bohra H, Azzuni E, Guzey S (2019). The uplift effect of bottom 
plate of aboveground storage tanks subjected to wind loading. Thin-

Walled Structures, 144, 106241. 

Maheri MR, Abdollahi A (2013). The effects of long term uniform cor-
rosion on the buckling of ground based steel tanks under seismic 

loading. Thin-Walled Structures, 62, 1-9. 

Maraveas C, Balokas GA, Tsavdaridis KD (2015). Numerical evaluation 
on shell buckling of empty thin-walled steel tanks under wind load 

according to current American and European design codes. Thin-

Walled Structures, 95, 152-160. 
Mehretehran AM, Maleki S (2022). Axial buckling of imperfect cylindri-

cal steel silos with isotropic walls under stored solids loads: FE 

analyses versus Eurocode provisions. Engineering Failure Analysis, 
137, 106282. 

Rotter JM, Kerr E, Lam HT, Holst JM (2015). Secondary rings for large 

tanks under external pressure. Eighth International Conference on 
Advances in Steel Structures Lisbon, Portugal. 

RV Southwell BA (1913a). On the collapse of tubes by external pressure. 

Philosophical Magazine Series 6, 25(149), 687-698. 
RV Southwell BA (1913b). On the collapse of tubes by external pres-

sure–II. Philosophical Magazine Series 6, 26(153), 502-511 

RV Southwell MA (1915). On the collapse of tubes by external pres-
sure–III. Philosophical Magazine Series 6, 29(169), 67-77. 

Schmidt H, Binder B, Lange H (1998). Postbuckling strength design of 

open thin walled cylindrical tanks under wind load. Thin-Walled 
Structures, 31, 203–220. 

Shokrzadeh AR, Sohrabi MR (2016a). Buckling of ground based steel 

tanks subjected to wind and vacuum pressures considering uni-
form internal and external corrosion. Thin-Walled Structures, 108, 

333-350. 

Shokrzadeh AR, Sohrabi MR (2016b). Strengthening effects of spiral 
stairway on the buckling behavior of metal tanks under wind and 

vacuum pressures. Thin-Walled Structures, 106, 437-447. 



 Zeybek and Özkılıç / Challenge Journal of Structural Mechanics 8 (3) (2022) 99–109 109 

 

Sonat C, Topkaya C, Rotter JM (2015). Buckling of cylindrical metal 

shells on discretely supported ring beams. Thin-Walled Structures, 

93, 22-35. 
Sosa, EM, Godoy LA (2010). Challenges in the computation of lower-

bound buckling loads for tanks under wind pressures. Thin-Walled 

Structures 48 (12), 935-945. 
Spritzer JM, Guzey S (2017a). Nonlinear numerical evaluation of large 

open-top aboveground steel welded liquid storage tanks excited by 

seismic loads. Thin-Walled Structures, 119, 662-676. 
Spritzer JM, Guzey S (2017b). Review of API 650 Annex E: Design of 

large steel welded aboveground storage tanks excited by seismic 

loads. Thin-Walled Structures, 112, 41-65. 
Sun T, Azzuni E, Guzey S (2018). Stability of open-topped storage tanks 

with top stiffener and one intermediate stiffener subject to wind 

loading. ASME Journal of Pressure Vessel Technology, 140(1), 
011204. 

von Mises R (1914). Der kritische Ausendruck zylindrischer Rohre. 

Zeitschrift des Vereines Deutscher Ingenieure, 58, 750-755. 
Yan XL, Li GQ, Wang YB (2021). Behavior and design of high-strength 

steel members under bending moment. In: Behavior and Design of 

High Strength Constructional Steel (Ed. Li GQ and Wang YB), Wood-
head Publishing, United Kingdom. 

Zdravkov L (2022). Influence of the roof structure on the forces in the 

top angle under wind loading. Annual of the University of Architec-
ture, Civil Engineering and Geodesy, 55(2), 245-254.  

Zeybek Ö (2021). Design of cylindrical steel liquid tanks with stepped 

walls using One-foot method. Challenge Journal of Structural Me-
chanics, 7(4), 162-169. 

Zeybek Ö (2022). The stability of anchored cylindrical steel tanks with 

a secondary stiffening ring. International Journal of Pressure Vessels 
and Piping, 198, 104661. 

Zeybek Ö, Topkaya C (2022). Stiffness requirements for wind girders 

in open-top cylindrical steel tanks. Thin-Walled Structures, 176, 
109353. 

Zeybek Ö, Topkaya C, Rotter JM (2019). Stress resultants for wind gird-

ers in open-top cylindrical steel tanks. Engineering Structures, 196, 
109347. 

Zeybek Ö, Topkaya C, Rotter JM (2021). Stability of open-top cylindrical 

steel tanks with primary stiffening ring under wind loading, ce/pa-
pers,  4, 1781-1788. 

Zhao Y, Lin Y (2014). Buckling of cylindrical open-topped steel tanks 

under wind load. Thin Walled Structures, 79, 83-94. 
 



 

CHALLENGE JOURNAL OF STRUCTURAL MECHANICS 8 (3) (2022) 110–121 
 

 

 

 
* Corresponding author. Tel.: +90-264-295-5744 ; Fax: +90-264-295-5601 ; E-mail address: zdyaman@sakarya.edu.tr (Z. Yaman) 

ISSN: 2149-8024 / DOI: https://doi.org/10.20528/cjsmec.2022.03.004 

Research Article 

Experimental examination of strength and behavior of masonry 

brick walls strengthened with expanded steel plates 

Ezatullah Ahmadzai a , Zeynep Yaman a,* , Alper Cumhur b  

a Department of Civil Engineering, Sakarya University, 54187 Sakarya, Turkey 
b Department of Civil Engineering, Yalova University, 77200 Yalova, Turkey 

 

A B S T R A C T 

As primary load-bearing members of masonry buildings, the strength and behavior 
of masonry brick walls are the most important factors affecting the structural perfor-

mance for the loads the building is exposed to during its life span. The current paper 

therefore experimentally examines a structural strengthening method to improve 

the performance and behavior of masonry brick walls. Masonry walls were strength-

ened with expanded steel plates of different thicknesses attached to the walls using 
different numbers of bolts. Five wall specimens were examined under a diagonal 

static compression test. For strengthening, expanded steel plates were anchored to 

both sides of un-plastered walls using bolts and were then plastered. The thickness 

of the steel plates and the number of bolts were examined as experimental variables. 

The results showed that the strengthened wall specimens using expanded steel 

plates of different thicknesses and different numbers of bolts increased an average 

of 45-94% ultimate strength at 245mm displacement, the ductility of all strength-

ened specimens increased by 114%-180% and an average increment of 280-480% 

higher energy dissipation capacities compared to the reference specimen. The result 

shows that strengthening masonry brick walls provides 2 to 3 times higher energy 

dissipation capacity for the energy generated by seismic effects compared to the ref-

erence specimen. The research then indicated the expanded plate thickness in 
strengthening walls has a direct relation with load-bearing capacity of brick masonry 

walls. An increase of 33% and 100% in plate thickness resulted to increase in load 

bearing capacity by 2% and 11.5%, respectively. It has also been observed that spec-

imens did not experience a sudden drop in load carrying capacity. They maintained 

their stability until the end of the tests and changed their stiffness and ductility. 
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1. Introduction 

Brick masonry structure is one of the preferred and 
typical method of construction due to several ad-
vantages including rapid production, low cost, high heat, 
and sound isolation (Mezrea et al. 2021; Özyurt et al. 
2020; Hejazi et al. 2015; Budak et al. 2004). Brick ma-
sonry buildings are very common in Turkey; however, 
these structures need to be strengthened due to their 
heterogeneity and mechanical properties. Since brick, 
the main material of the building structure, does not 

have sufficient ductility for tensile and shear stresses 
(İstegün et al. 2018), it exhibits a low energy dissipation 
capacity (Koç 2016; Korkmaz 2014; Çırak 2011). Low 
ductility and energy dissipation capacity of brick ma-
sonry buildings can cause sudden damage to the walls 
(Cheng et al. 2020). Therefore, strengthening interven-
tions are required for a great portion of the existing brick 
masonry buildings to improve structural strength and 
behavior (Marques et al. 2022; Orulkaya 2019).  

As load-bearing members, brick masonry walls are 
forced to make plastic deformation and displacement in 
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multi directions with altered amounts under the differ-
ent types of loads (forces) that the structure is exposed 
to. The difference in displacements depends on the stiff-
ness of the masonry brick walls (Bahçekapılı 2003). 
Strength of a masonry building depends on both the 
bond between brick and mortar (Karaton and Çanakçı 
2021) as well as the strength of the masonry material 
(Güvenir 2019; Erköseoğlu 2014). Although brick ma-
sonry walls have sufficient strength under vertical loads 
(gravity loads, live loads, etc.), they don’t have sufficient 
strength for lateral loads (earthquake loads, etc.). To in-
crease lateral strength and load-bearing capacity, new 
strengthening techniques should be introduced. The ap-
plicability of such a new strengthening technique de-
pends on minimizing the environmental and economic 
effects of the method (Mezrea et al. 2021). 

Many previous studies presented strengthening prac-
tices for buildings and structural members (Maali et al. 
2019; Aydin et al. 2020; Ağcakoca 2020). In addition, 
some studies focused on wall strengthening applica-
tions. In the past reports, different methods were used 
for strengthening brick infill walls and brick masonry 
walls using plaster (Arslan et al. 2020; Sevil et al. 2010), 
concrete (Kaya 2013; Baran et al. 2014; Ateş 2013; Kal-
kan 2008), epoxy resin and fiber-reinforced polymer 
strips (Abdulsalam et al. 2021; Kalali and Kabir 2012), 
textile (Koutas et al. 2014), and some other materials 
(Rebelo et al. 2021; Corradi et al. 2020; Hamdy et al. 
2018; Chen et al. 2012; Ozsayin et al. 2011; Mosallam 
2007; Ehsani et al. 1999). In these studies, strengthened 
specimens exhibited higher ductility, load-carrying ca-
pacities, energy dissipation capacities, stiffness, and seis-
mic resistance performances. Furthermore, brick infill 
walls were also strengthened using steel profiles (Özbek 
et al. 2012), steel plates (Papanicolaou et al. 2011), ex-
panded steel plates (Leeanansaksiri et al. 2018; Aykaç et 
al. 2017; Cumhur 2016), perforated steel plates (Özbek 
et al. 2019; Özbek 2015; Seydanlıoğlu 2013; Babayani 
2012), steel mesh (Tekeli et al. 2014; Özdemir and Eren 
2011), steel strips (Özmen 2018) and the impact of 
strengthening on the behavior of the load-bearing sys-
tem were examined (Johansson, et al. 2014; Sevil et al. 
2010). The results of these studies showed that the load-
bearing capacity, energy absorption capacity, diagonal 
compression capacity, stiffness, and ductility of the rein-
forced specimens increased.  

This research aims to fill the gap in the literature by 
presenting experimental evidence for strengthening 
brick masonry walls with expanded steel plates, which is 

a practical and environmental friendly strengthening 
method. Since the use of masonry members is a common 
construction method in Turkey, the strengthening 
method examined in this study is important as an acces-
sible technique to users in Turkey. 

This study presents a rapid and practical technique 
for strengthening the currently existing and future ma-
sonry building walls to improve lateral rigidity and 
strength of the structure, prevent out-of-plane behaviors 
of the walls exposed to earthquake loading, and ensure 
life and structural safety. The study was carried out on 5 
test specimens (samples); one was normal wall (refer-
ence) and four were strengthened wall specimens. In the 
experimental study, diagonal static incremental loading 
was applied to the specimens. For strengthening, ex-
panded steel plates were installed and fixed on both 
sides of the un-plastered walls using bolt connection. 
The effect of expanded steel plate thickness and the 
number of bolts on the wall load-bearing bear capacity 
were then examined and analyzed under loading. 

 

2. Material and Method 

To produce test specimens, expanded steel plates 
manufactured in Turkey and vertical-hole blocks which 
are widely used in masonry building construction in Tur-
key were used in the lab experiments. Standard con-
struction workmanship was performed in the produc-
tion of the specimens. As load-bearing members in ma-
sonry buildings, strengthening of the walls made of ver-
tical-hole blocks with dimensions 135×190×290 mm 
was examined. A total of 5 sample walls, each with di-
mensions of 1000x1000 mm (one was the reference and 
four were strengthened) were tested (Table 1). 

The specific weight (𝛾) of the bricks used in the study 
was 700 kg/m3. To determine the characteristics of the 
bricks, 30 bricks were separately tested to find the brick 
properties (Fig. 1). The compressive strength of the 
bricks was examined according to the TS EN 772-1+A1 
standard (Table 2). 

The thicknesses of the expanded steel plates were 1.5, 
2.0, and 3.0 mm with an average yield strength (σy) of 
280 MPa. The steel plates were processed in a factory us-
ing cutting and expanding procedures, and expanded 
steel plates with perforations having dimensions of 
54x26 mm were obtained. No welding or mounting pro-
cedures were applied on expanded steel plates (Fig. 
2(a)).

Table 1. Specimen properties. 

Specimen Plaster thickness (mm) Plate thickness (mm) Bolt interval (mm) Number of bolts 

Reference 25 - - - 

MBW 1.5-150 25 1.5 150 49 

MBW 2.0-150 25 2.0 150 49 

MBW 3.0-150 25 3.0 150 49 

MBW 3.0-400 25 3.0 400 9 

    MBW = Masonry Brick Wall 

 



112 Ahmadzai et al. / Challenge Journal of Structural Mechanics 8 (3) (2022) 110–121  

 

  

Fig. 1. (a) Vertical-hole brick; (b) Compressive strength tests. 

Table 2. Compressive strength tests results of the vertical-hole brick. 

  Mean breaking load (kN) Compressive strength (MPa) 

Parallel to holes 
Mean 169.6 3.3 

SD 51.4 1.0 

Long axis perpendicular to holes 
Mean 124.5 3.3 

SD 24.5 0.7 

Short axis perpendicular to holes 
Mean 30.5 1.3 

SD 11.7 0.5 

   
Fig. 2. Materials used in wall strengthening: (a) Expanded steel plate; (b) Geometries of the bolt, washer, and nut.

To attach expanded steel plates to the walls, bolts, 
washers, and nuts were used (Fig. 2(b)). The bolts were 
produced by cutting 250 mm-long pieces from 6-mm 
fully threaded 1-m long S235 steel bars. 

Holes were drilled at the determined points on the 
wall specimens with a drill, expanded steel plates were 
then placed on the walls, and fixed using bolts, washers, 
and nuts (Figs. 3 and 4).

      

Fig. 3. (continued) 

 

(a) (b) 

(a) (b) 



 Ahmadzai et al. / Challenge Journal of Structural Mechanics 8 (3) (2022) 110–121 113 

 

      

Fig. 3. Preparation of the experimental setup. 

 

      

      

Fig. 4. Design of the test specimens.  
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The bolts were tightened with 3 Nm tightening torque 
considering the post-tensioning stress. The same mix 
composition was used for preparing plaster and mortar. 
Wall mortar and plaster mixes were prepared using the 
water-sand-lime-cement ratio given in Table 3. 

In the experimental examinations, diagonal compres-
sion loading was applied. According to the definition of 
the diagonal compression test in the ASTM E519, 1/8 of 
the side span of the side edges to the diagonal loading 
point are fastened by loading shoes and other parts of 
the edges are set free during the loading. However, in the 
real case, depending on earthquake-induced displace-
ments, the contact area of the brick masonry walls with 
the lateral and vertical peripheral ties can be higher than 
specified in ASTM E519 (Cumhur et al. 2016). Therefore, 
in this study, square steel frames with (internal) dimen-
sions of 1000×1000 mm used by Cumhur et al. (2016) to 
transfer the diagonal load to infill wall specimens (Fig. 
5). Steel frames were produced by hinged connected 
profiles. Hinges ensured transferring the entire applied 
diagonal load to the test specimens and that the steel 
frame does not resist to loading. 

Table 3. Weight ratio of the materials  
used in plaster and mortars. 

Material Water Lime Sand Cement 

% 10 10 60 20 

 

 

 

Fig. 5. Experimental study: (a) Steel rigid frame with 
hinged from four edges; (b) Loading test setup.

Out-of-plane behavior of the frame was prevented us-
ing stiffness elements (lateral support system). Thus, the 
load was transferred to the test specimen diagonally 
from the center of the frame. The load was applied to the 
test specimen using single action 1000 kN hydraulic jack 

(Fig. 6) through a speed-controlled loading system de-
pending on the displacement. The loading speeds varied 
according to the displacements as follows: 5% up to 10 
mm displacement, 25% up to 10-35 mm displacement, 
and 50% beyond 35 mm displacement.

 

Fig. 6. Test setup.  
 

(a) 

(b) 
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To measure the displacements in the test specimens, 
4 LVDT (Linear Variable Differential Transformer) were 
used. Two 400 mm LVDT were attached to the base of 
the rigid frame to measure shortenings of the specimens 

along the loading axis. Two 50 mm LVDT were placed on 
the front and back of the test specimens to measure 
shortenings of the specimens along the loading axis and 
elongation perpendicular to the loading axis (Fig. 7).

      

Fig. 7. Placement of LVDTs.

3. Analysis of the Experimental Results 

Only plastering layer was applied to both sides of the 
reference specimen and no strengthening material was 
used. During the tests, the reference specimen exhibited 
very brittle behavior and had abrupt load drops. Since 
abrupt load drops occurred and the reference specimen 
showed non-ductile behavior, a very limited amount of 
displacement was observed. After the test started, fine 
hairline cracks were observed on the both front and back 
plaster surfaces at a load of 60 kN and a displacement of 
31 mm. The first crack was observed 20 cm from the 
right side of the middle diagonal of the specimen at a 
load of 85 kN and a displacement of 36 mm. The width of 
the first crack was measured to be approximately 3 mm. 
Towards the end of the experiment, the cracks continued 
to grow and blisters became more evident. The maxi-
mum load-carrying capacity of the reference specimen 
was measured 99.87 kN and the displacement was rec-
orded 25.9 mm. The test was terminated after a displace-
ment of 90 mm since the specimen no longer carry any 
loads. The contact surface of the reference specimen was 
measured as about 70% (70 cm). 

For the specimen MBW 1.5-150, obvious blisters pro-
gressing towards the frame was observed on both front 
and back surfaces of the specimen around the hinges at 
a load of 125 kN and a displacement of 91 mm. The max-
imum load-carrying capacity of the specimen was noted 
154.65 kN and the displacement at this load was counted 
65.5 mm. The contact surface of the specimen was meas-
ured as 65% (65 cm) on average. 

For the specimen MBW 2.0-150, obvious lateral blis-
tering was observed on both front and back surfaces of 
the specimen around the lower hinge due to compres-
sion at a load of 141 kN and a displacement of 64 mm. 
Plus, some blistering progressing towards the frame 

around the hop hinge was also observed. The maximum 
load-carrying capacity of the specimen was found to be 
160.2 kN and the displacement at this load was calcu-
lated as 34 mm. The contact surface of the specimen 
MBW 2.0-150 was measured as 58% (58 cm) on average. 

For the specimen MBW 3.0-150, hairline cracks were 
observed on the middle region of the plaster both on 
front and back surfaces of the specimen at a load of 147 
kN and a displacement of 28 mm. Furthermore, a signif-
icant plaster crack in the loading direction was observed 
on the back surface of the specimen near the lower hinge 
and blistering around the top hinge due to compression. 
On the other hand, at a load of 135 kN and a displace-
ment of 122 mm, lateral cracks and about 30 cm above 
the lower hinge blistering on both front and back sur-
faces and plaster blisters progressing towards the frame 
were observed due to compression. The maximum load-
carrying capacity of the specimen MBW 3.0-150 was 
found to be 160.35 kN and the displacement at this load 
was calculated as 36.76 mm. The contact surfaces of the 
specimen MBW 3.0-150 on four corners were measured 
as 48% (48 cm) on average. 

Finally, for the specimen MBW 3.0-400, hairline plas-
ter cracks in the middle region of the front surface were 
observed at a load of 145 kN and a displacement of 28 
mm. Plus, plaster blistering and falling off occurred on 
the front surface of the specimen near the top and lower 
hinges due to compression. The maximum load-carrying 
capacity of the specimen was calculated as 147.28 kN 
and the displacement at this load was found to be 23.59 
mm. The contact surface of the specimen MBW 3.0-400 
was measured as 60% (60 cm) on average.  

The undamaged state of the specimens, the damage 
condition after the test and the load-displacement 
curves are shown in Fig. 8.Test results were summarized 
in Table 4.  
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Fig. 8. (continued) 
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(a) (b) (c) 

Fig. 8. Test members: (a) Before the test; (b) Load-displacement curve; (c) After the test. 

Table 4. Maximum load-carrying capacities and contact areas of the specimens. 

Specimen 
Max load 

(kN) 

Displacement at 
maximum load 

(mm) 

Contact area at 
maximum load 

(%) 

Maximum  
displacement 

(mm) 

Average contact 
area 
(%) 

Reference 99.87 25.91 48.75 82.38 70 

MBW 1.5-150 154.65 65.51 39.50 245.25 65 

MBW 2.0-150 160.20 34.02 29.50 241.70 58 

MBW 3.0-150 160.35 36.76 30.50 243.13 48 

MBW 3.0-400 147.28 23.59 18.00 249.18 60 

The carrying capacity, stiffness, and ductility capaci-
ties of the specimens were calculated according to Fig. 9 
using the test results. In the curve, (𝑃𝑦) is load-carrying 
capacity at yield, (𝛿𝑦) is displacement at yield, (𝑃𝑚𝑎𝑥) is 
maximum load-carrying capacity, (𝛿0) is displacement at 

maximum load, (𝛿𝑓) is maximum displacement, (𝑃𝑓) is 
load-carrying capacity at maximum displacement, (𝛿𝑖) is 
displacement at the beginning of the stiffness curve, (𝑃t) 
is load-carrying capacity, and (𝛿𝑡) is the displacement 
corresponding to Pt.

 

Fig. 9. A sample load-displacement curve used to calculate the ductility of the specimens.

Load-carrying capacity at yield (𝑃𝑦), maximum load-
carrying capacity (Pmax), load-carrying capacity at maxi-
mum displacement (Pf), and relative increase in the ulti-
mate strength values according to the reference speci-
men are given in Table 5. Ultimate strength values were 

calculated using the average of (Pmax) and (Pf) values 
(Cumhur 2016).  

The initial stiffness of the specimens was calculated 
using the ratio of yield load (𝑃𝑦) to displacement at yield 
(𝛿𝑦

−) (Table 6).
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Table 5. Ultimate strength values and relative increase according to the reference specimen. 

Specimen 
Py 

(kN) 
Pmax 
(kN) 

Pf 
(kN) 

Ult. strength at 245mm 
displacement (kN) 

Relative increase in  
ult. Strength (%) 

Reference 86 99.87 51.3 75.59 - 

MBW 1.5-150 105 154.65 108.18 131.42 73.86 

MBW 2.0-150 140 160.20 108.15 134.18 77.52 

MBW 3.0-150 147 160.35 132.88 146.62 93.97 

MBW 3.0-400  140 147.28 72.68 109.98 45.51 

Table 6. Stiffness and relative increase in stiffness according to the reference specimen. 

Specimen 
Py 

(kN) 

𝛿𝑦 (𝛿𝑦
−) 

(mm) 
Stiffness 

(kN/mm) 
Relative increase in 

 stiffness (%) 

Reference 86 17(15) 5.73 - 

MBW 1.5-150 105 18(16) 6.56 14.46 

MBW 2.0-150 140 23(21) 6.67 16.28 

MBW 3.0-150 147 22(20) 7.35 28.20 

MBW 3.0-400  140 21(20) 7.00 22.09 

Ductility of the specimens were calculated from the 
ratio of the maximum displacement to the displacement 
at yield. The maximum displacement value (𝛿 𝑓

−) was cal-
culated using the Eq. (1), displacement at yield (𝛿𝑦̅) us-
ing the Eq. (2), and ductility was calculated by Eq. (3).  

𝛿 𝑓
− = 𝛿𝑓 − 𝛿𝑖 (1) 

𝛿 𝑦
− = 𝛿𝑦 − 𝛿𝑖 (2) 

Ductility = 𝛿 𝑓
− 𝛿 𝑦

−⁄  (3) 

The area under the load-displacement curve gives the 
energy dissipation capacity of the specimen. The ductil-
ity and energy dissipation capacities of the specimens 
are given in Table 7. 

The load-displacement curves of all specimens are 
shown in Fig. 10(a). Load-carrying capacities, stiffness, 
ductility, and energy dissipation capacities of the speci-
mens are comparatively given in Figs. 10(b-c-d-e).

Table 7. Ductility and relative increase in ductility according to the reference specimen 

Specimen 
δi 

(mm) 
δf 

(mm) 
δy 

(mm) 

𝛿𝑓
− 

(mm) 

𝛿𝑦
− 

(mm) 
Ductility 

Ductility 
ratio (%) 

Energy dissipation 
capacity (kJ) 

Relative increase in energy  
dissipation capacity (%) 

Reference 2 82.38 17 80.38 15 5.36 - 5.3 - 

MBW 1.5-150 2 245.25 18 243.25 16 15.20 183.71 28.3 433.96 

MBW 2.0-150 2 241.70 23 239.70 20 11.99 123.66 29.5 456.60 

MBW 3.0-150 2 243.13 22 241.13 21 11.48 114.28 30.6 477.36 

MBW 3.0-400 1 249.18 21 247.18 20 12.36 130.64 20.2 281.13 

4. Conclusions 

This study presents a strengthening method for both 
existing and future masonry brick walls through exami-
nation of 5 test specimens under diagonal static. Ex-
panded steel plates were used for strengthening; thick-
ness and bolt interval were examined as variables. In or-
der to ensure the economic production of test speci-
mens, no special materials were used. The materials 
used in the production of the specimens were easily 
available and common materials. Moreover, the exam-
ined strengthening method was also an easily applicable 
technique for a wide range of scenarios.  

Based on the observations made during the tests and  

the analysis of the curves obtained by the experimental 
data, the following key findings were obtained: 
 The un-strengthened reference specimen reached to 

collapse state immediately after reaching elastic load-
carrying capacity due to the stress cracks that oc-
curred under diagonal loading. This was expected be-
havior for a wall built from masonry brick which is a 
brittle material. For strengthened specimens, we ob-
served that a great portion of the tensile stresses was 
covered by expanded steel plates and the walls ex-
hibit composite behavior until the yield of the bolts.  

 Ultimate strength at 245mm displacement of all 
strengthened walls increased in the range of 45%-
94% compared to the reference specimen. 
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(a) 
 

  

(b) 
 

(c) 
 

  

(d) (e) 

Fig. 10. Comparative presentation of the specimens’ load-carrying capacities,  
stiffness, ductility, and energy dissipation capacities.  
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 All strengthened walls exhibited great plastic defor-
mation after reaching the elastic load-carrying capac-
ities and ductile behavior. The ductility of all strength-
ened specimens increased by 114-180% according to 
the reference. These results show that strengthening 
provides 2 to 3 times higher energy dissipation capac-
ity for the energy generated by seismic effects like 
earthquakes compared to the reference specimen.  

 As the plate thickness increased for the same bolt in-
terval, no significant decrease in the load-carrying ca-
pacities was observed. In addition, the specimens 
maintained their integrity until the end of the tests. 
Accordingly, load-carrying capacities, energy dissipa-
tion capacities, ductility, and stiffness of the speci-
mens strengthened with expanded steel plates signif-
icantly increased. As the plate thickness increased by 
33% and 100% from 1.5 mm, load-carrying capacities 
were increased by 2% and 11.5%, respectively. It can 
be therefore argued that increasing plate thickness 
results in higher strength in masonry brick walls. 
However, since this increase is not too much, 
strengthening with 1.5 mm-thick steel plates was 
found to be the optimum thickness that provides suf-
ficient strengthening performance. For the same plate 
thickness, even the steel plates fixed to the walls with 
high bolt intervals (MBW 3.0-400), the ductility in-
creased by 130% compared to the reference speci-
men. 

 Energy dissipation capacities of the strengthened 
specimens increased by 280-477% according to the 
reference specimen. The comparison of the speci-
mens with the same plate thickness but different bolt 
intervals indicated that 65% of the energy dissipation 
capacity is provided by bolts. Strengthened speci-
mens exhibited significantly higher energy dissipa-
tion capacities compared to the reference specimen. 
However, no significant changes were observed in the 
energy dissipation capacities of the specimens with 
the same bolt interval but steel plates of different 
thicknesses. We, therefore, concluded that the thick-
ness of expanded steel plates does not has a signifi-
cant impact on the mechanical properties of the walls; 
however, specimens with a bolt interval of 150 mm 
exhibited greater mechanical properties compared to 
the specimens with a bolt interval of 400 mm. Based 
on these findings we found that the impact of the bolt 
interval on the strength and behaviors of the mem-
bers is higher than the impact of steel plate thickness. 

 The ductility capacity of the reference wall specimen 
built with vertical-hole bricks, which are brittle con-
struction materials, was significantly lower compared 
to the specimens strengthened with expanded steel 
plates. Compared to the reference specimen, 
strengthened specimens exhibited an average of 20% 
higher stiffness, 126% higher ductility, 410% higher 
energy dissipation capacity, and 72% higher load-car-
rying capacity.  
According to the definition of the diagonal compres-

sion test in the ASTM E519, 1/8 of the side span of the 
neighboring edges to the diagonal loading point are fas-
tened by loading shoes and other parts of the edges are 
set free during the loading. It is assumed that the wall 

sides contact with only 12.5% of the lateral-vertical pe-
ripheral tie system under the lateral loading and there-
fore, load applies to the wall through this contact area. In 
real cases, however, the contact area of the masonry 
walls with the lateral and vertical peripheral ties can be 
higher than the estimated value in the ASTM E519 due to 
the deformations under earthquake effect. The compres-
sion tests performed in the current study showed that 
the contact area of the wall sides with the frame which 
represents the lateral-vertical peripheral tie system was 
60%. 
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A B S T R A C T 

Reinforced concrete (RC) structural members may be subjected to impact load be-
sides quasi-static load or other dynamic loads like earthquake and wind loads in their 

service periods. Many research emphasized that although impact load acts on struc-

tural members for a short time, it caused considerable damage to these members or 

even collapses the whole structure. Thus, it becomes crucial to consider and accu-

rately evaluate the impact load effect in the design process. The present study intends 
to introduce a finite element model (FEM) verified with the test data for the accurate 

evaluation of load-deflection behavior and damage patterns of the fixed supported 

RC slabs exposed to impact load. First, a nonlinear FEM including strain-rate effect 

for both concrete and steel reinforcement, and crack visualization algorithm has been 

established by using LS-DYNA software. Then, the dynamic responses obtained by 

the present FEM have been compared with the experimental data presented in a pre-

vious study existing in the literature and it is found that the present FEM yields accu-

rate results for the RC slab subjected to impact load and it can be safely used in the 

design process. In the second part of the study, using the verified FEM, the effects of 

applied input impact energy, the application point of impact load, and hammer ge-

ometry on the dynamic responses and failure characteristics of the RC slabs exposed 

to the impact loading were investigated and interpreted in detail. 
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1. Introduction 

Reinforced concrete (RC) slabs constitute functional 
areas in the structures. Besides, the main two duties of 
the RC slabs in the structural system are the transfer of 
the vertical loads to the beams, columns, load-bearing 
walls, and shear walls and the distribution of the lateral 
dynamic loads to vertical load-bearing structural mem-
bers. The conventional design of the RC slab is per-
formed by considering vertical loads such as dead and 
live loads and lateral earthquake and wind loads. How-
ever, recently, there is increasing concern about the de-
sign of the structural members against the low-velocity 
impact loads because there are many collision scenarios 
where velocities are up to 10 m/s in civil engineering. 
The rock fall, the vehicle crashes on bridge abutments, 

aircraft landing on the airport runway, ice or ship colli-
sions to offshore structures, and collisions of the masses 
drifted by the tsunami, flood, and landslide to the struc-
tures can be examples of impact scenarios (Yilmaz et al. 
2022). Unlike static loads, impact loads generate the in-
ertia effects and the strain-rate effects. Furthermore, alt-
hough the impact loads act on structural elements in a 
very short time, they may lead to remarkable damage to 
structural members or even an entire collapse of the 
structure. Fig. 1 depicts some examples of the failure of 
the structural element and the collapse of the structures 
due to impact load. The disregarding impact load effect 
at the design level may cause damage or collapse. There-
fore, the dynamic responses and failure characteristics 
of the RC structural members subjected to impact load 
should be determined and considered in the design 
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stage. However, the design concept for the RC elements 
against the impact loads has not been fully manifested, 
and also design codes do not recommend an obvious eval-
uation to calculate dynamic responses and determine im-
pact-induced failure modes of RC members. Besides, since 
there is no fully accepted standard test setup in the litera-
ture for performing impact experiments, the researchers 
developed various test setups such as pendulum and drop 
weight to examine impact behavior (Sha and Hao 2013; 
Shi et al. 2021; Yilmaz et al. 2019). In the literature, there 
are many studies focused on parameters that can be effec-
tive on the impact response of the RC slabs. In these stud-
ies, the parameters such as the concrete compressive 
strength (Anas et al 2022a; Said and Mouwainea 2022), 
the steel reinforcement ratio (Mizushima et al. 2022; 
Yılmaz et al. 2020), the steel reinforcement placement in-
clinations (Vijay et al. 2020), the corroded steel rebars 
(Daneshvar et al. 2021), the thickness of the slab (Hering 
et al. 2020), the pre-stress and post-tensioned applica-

tions (Al Rawi et al. 2020; Kumar et al. 2018; Thai and Kim 
2017), the support layouts (Anil et al. 2015; Yılmaz et al. 
2020), the opening existing in the slab (Yilmaz et al. 2022) 
were studied. There are also studies related to the behav-
ior of the RC slab strengthened with Carbon, Glass, and Ba-
zalt Fiber Reinforced Polymer (FRP) subjected to impact 
load in the literature (Anas et al. 2022b; Almusallam et al. 
2015; Chen et al. 2020; Radnić et al. 2015; Soltani et al. 
2020; Yılmaz et al. 2018). Furthermore, the effect of the 
FRP rebars on impact responses of the slabs was also 
studied (Mousavi and Shafei 2019; Sadraie et al. 2019). 
Based on the experimental research investigated in the 
scope of the literature review performed, it can be con-
cluded that impact experiments require specific test set-
ups and advanced measurement techniques. At this point, 
for realistic and rapid evaluation of the impact resistance 
of the RC structural elements, it is worthwhile to say that 
the numerical studies based on the finite element method 
(FEM) have an important role.

 

Fig. 1. Collapse of structure/structural member due to impact load (Do et al. 2018).

Consequently, the main motivation of this study is to 
establish a FEM verified with test data to predict the dy-
namic response and damage characteristics of the RC 
slabs with fixed support. First, the FEM of the RC slabs, 
which considers the strain-rate effect for the concrete 
and steel materials and the crack visualization algo-
rithm, by using LS-DYNA software has been introduced. 
The presented model is calibrated with the results ob-
tained from an experimental study presented by Kumar 
et al. (2018). After the good agreement between test and 
numerical results was demonstrated, using the present 
model, a parametric study was carried out. In the para-
metric study, the effects of applied input impact energy, 
the application point of impact load, and hammer geom-
etry on the impact behavior of the RC slabs are investi-
gated and interpreted in detail. 

 

2. Details of the Experiment used for Verification of 
Numerical Analysis 

The comprehensive experimental study presented by 
Kumar et al. (2018) in which the conventional reinforced 
concrete (RC) and prestressed concrete plates subjected 
to impact force is investigated has been utilized for veri-

fication of the presented numerical model. In the exper-
imental program, two RC slabs with dimensions of 
800x800x100 mm. The concrete compressive strength 
after 28 days from the cast was determined as 48.4 MPa. 
The maximum size of coarse aggregate used for the man-
ufacture of the RC slabs was 10 mm. Besides, natural 
sand was used as fine aggregate. The Ordinary Portland 
Cement of 43 grade has been used for the concrete mix. 
The ratio of concrete mix ingredients was 1:1.74:1.68 
(cement/fine aggregate/coarse aggregate). The RC slab 
was designed using deformed steel rebars with high 
yield strength. The diameter of the steel bars was 8 mm. 
The steel rebars were spaced at 140 mm in the two di-
rections of the RC slab. The average yield strength of the 
rebars was determined as 609 MPa with a uniaxial ten-
sion test. In the experimental program conducted by Ku-
mar et al (2018), the RC slabs tested under impact load 
had fixed boundary conditions. The rotations and trans-
lations of plate edges were constrained. Impact energy 
has been applied to the center of the RC slabs by drop-
ping freely a steel hammer. The weight of the hammer 
was 242.85 kg. The geometric shape of the hammer was 
a cylinder with a diameter of 100 mm. The input impact 
energies transferred to two RC slabs are 1.190 kJ and 
2.380 kJ, which corresponds hammer drop heights of 
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500 mm and 1000 mm, respectively. The dimensions and 
rebar arrangement of the RC slabs and the setup used for 
carrying out experiments are illustrated in Fig. 2(a) and 
Fig. 2(b), respectively. The time histories of the impact 
load acting on the RC slabs and the displacements meas-
ured from the center point of the RC slabs on the tension 
side, recorded during tests, have been used to verify the 
presented FEM of the RC slabs. Furthermore, impact 
load-induced crack on the tension side of the two RC 
slabs has been compared to damage distributions ob-
tained by the numerical model. 

3. Details of the Presented FEM Model 

In the study, LS-DYNA software is utilized for the 
generation of the FEM of the RC slabs with fixed sup-
port under the impact load. (LS-DYNA Keyword user’s 
manual 2018). LS-DYNA could conduct nonlinear dy-

namic analysis using an explicit solver. Furthermore, 
LS-DYNA includes several concrete material models 
such as Winfrith Model, Continuous Surface Cap Model, 
and Concrete Damage Model (MAT_072R3) to model 
concrete material exposed to impulsive loading. Thus, 
LS-DYNA software is commonly preferred by structural 
engineers to evaluate the dynamic responses and fail-
ure characteristics of structural members exposed to 
blast and impact loads (Li et al. 2017; Chen et al. 2015, 
2020; Do et al. 2018a, 2018b). The presented FEM is 
composed of four main parts: the RC slab, steel rein-
forcement, the rigid hammer, and rigid support. An 8-
node hexahedron solid element with tri-linear shape 
functions, using one-point integration plus viscous 
hourglass control is used for modeling the concrete 
slab, hammer, and support while steel rebars were 
modeled by Hughes-Liu beam element with 2×2 Gauss 
quadrature integration.

           

Fig. 2. (a) The geometric dimensions and rebar details of the RC slabs; (b) Test setup.

In the scope of the present FEM, it has been assumed 
the contact behavior between concrete and steel rein-
forcements was perfectly bonded using the keyword 
named *CONSTRAINED_LAGRANGE_IN_SOLID. It is de-
termined from the mesh convergence study that when 
concrete element size is assumed as 20 mm, the results 
of numerical analysis convergence to those obtained by 
experiments. Besides, the mesh study indicates that fur-
ther refinement has no considerable effect on the results 
although it causes more computational time. During the 
collision, firstly, the curved surface of the rigid hammer 
contacts the concrete. Thus, to represent actual behavior 
and calculate impact forces compatible with that of ex-
periments, mesh refinement is required for the hammer. 
Mesh size has been assumed as 10 mm for the rigid ham-

mer. It should be emphasized here that the mesh size val-
ues which are chosen for the RC slab and the rigid ham-
mer in the present FEM have been commonly used in 
previous studies for the RC slabs and the hammers, 
which are similar sizes (Şengel et al. 2022; Li et al. 2019, 
2020).  

The impact load was applied to the RC Slabs by defin-
ing the initial impact velocity to the hammer utilizing 
*INITIAL_VELOCITY_GENERATION keyword. In the ex-
periments used for verification, impact velocities are 
given as 3.130 m/s and 4.427 m/s for drop heights of 
500 mm and 1000 mm, respectively. These values have 
been assigned to the rigid hammer to apply impact forces 
to the RC slabs. Fig. 3 illustrates the FEM of the RC slab, 
steel reinforcement, rigid support, and rigid hammer. 

 

(a) (b) 
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Fig. 3. The FEM of the rigid hammer, steel reinforce-
ment, the RC slab, and the rigid support. 

In the present FEM, concrete was modeled with the 
Winfrith material model (MAT_084-085). Winfrith con-
crete model was introduced for the nuclear industry to 
perform finite element analysis for the evaluation of the 
local and global response of the RC structures subjected 
to impact and blast loading and then implemented in LS-
DYNA. This plasticity model is based on the shear failure 
surface presented by Ottosen (1977):  

𝑌(𝐼1, 𝐽2, 𝐽3) = 𝑎𝐽2 + 𝜉√𝐽2 + 𝑏𝐼1 − 1 (1) 

𝜉 = {
𝑘1 cos [

1

3
cos−1(𝑘2 cos(3𝜃))]              cos(3𝜃) ≥ 0 

𝑘1 cos [
𝜋

3
−

1

3
cos−1(−𝑘2 cos(3𝜃))]   cos(3𝜃) ≤ 0 

 (2) 

where I1 is the first invariant of stress tensor represent-
ing volumetric response, J2 and J3 are the second and 
third invariants of the deviatoric stress tensor. a, b, k1 
and k2 are the functions of T=ft/fc and these parameters 
can be determined from uniaxial, biaxial, and triaxial 
compression and uniaxial tension tests. ft and fc refer to 
tensile and compressive strengths of concrete, respec-
tively. The meridional shape parameters a and b can be 
expressed using T and three non-dimensional constants, 
which are α=1.16, β=0.5907445, and γ=-0.613724, as fol-
lows (Maazoun et al. 2022):     

𝑏 =
1+𝑇𝛼

𝛾

3
−𝛼2𝛾

3
−

𝛼

𝑇

𝛼2𝛽

3
−3𝛼−𝑇𝛼

𝛽

3

 (3) 

𝑎 = 𝛽𝑏 + 𝛾 (4) 

The k1 and k2 that defines the shape of the shear fail-
ure surface can be calculated as follows (Maazoun et al. 
2022): 

𝑘2 = cos [3 tan−1 (
1

√3
−

2ℎ

𝑒√3
)]   (5) 

𝑘1 =
𝑒

cos[
1

3
cos−1(𝑘2)]  

 (6) 

The e and h constants that take place in Eqs. (5) and 
(6) can be expressed as follows:   

𝑒 =
√3

𝑇
(1 − 𝑏𝑇 − 𝑇2 𝑎

3
) (7) 

ℎ =
3+3𝑏−𝑎

√3
 (8) 

Fig. 4(a) depicts the bi-linear concrete material model 
representing the uniaxial stress-strain relationship. The 
compression behavior of concrete was represented via 
the elastoplastic curve that has ultimate strain (εcu). While 
tension behavior was characterized as linear up to the 
peak tensile stress corresponding to cracking strain (εcr), 
the post-peak response was defined as a linear decrease. 
The ultimate tensile strain (εtu) was calculated based on 
the function of the concrete fracture energy (Thai and 
Kim 2014). The Winfrith model is capable of representing 
cracking, crushing, and shear retention behavior consid-
ering crack width and aggregate size and it is applied with 
eight-node continuum elements with a single integration 
point. The Winfrith model can capture crack generation, 
and the determination of crack is based on the theory 
presented by Wittman et al. (1988). When concrete ten-
sile strength is exceeded, the crack occurs and propagates 
by generating a gap whose size is defined by crack width. 
The linear strain softening response can be characterized 
as in Fig. 4(b) with fracture energy (Gf), tensile strength 
(ft), and crack width (w) (Maazoun et al. 2022).

           

Fig. 4. (a) Stress-strain behavior of concrete; (b) Strain softening response. 
 
 
 

 
 

(a) (b) 
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The mass density (R0) 2400 kg/m3, tangent modulus 
(TM) 34000 MPa, Poisson's ratio (PR) 0.20, uniaxial 
compressive strength (UCS) 48.4 MPa, uniaxial tensile 
strength (UTS) and aggregate size (ASIZE) 10 mm are re-
quired input parameters for definition Winfrith concrete 
model, and the rest of parameters are calculated by LS-
DYNA based on these values. In the numerical analysis, 
the tensile strength of concrete has been neglected, how-
ever, a small value is assigned to the tensile strength for 
the establishment of the material model. The steel rein-
forcements are defined with the elastic-plastic material 
model. The material card ∗MAT_PIECEWISE_LIN-
EAR_PLASTICITY (MAT_24) allows users to define an ar-
bitrary stress-strain curve for the representation of non-
linear behavior. The yield strength and elastic modulus 
belonging to steel material have been defined as 609 
MPa and 200000 MPa, respectively. Poisson's ratio and 
density were 0.3 and 7850 kg/m3, respectively.  

Impulsive loading such as impact and blast exhibits 
different behavior than static loading and it leads to an 
increase in the compressive and tensile strength of ma-
terials. The increase of material strength under high rate 
loading is known as the strain-rate effect (Hao et al. 
2013; Sha and Hao 2013; Hao and Hao 2014; Malvar and 
Crawford 1998; Do et al. 2018a; CEB Code 1990). There 
exist many studies focused on the effect of the strain rate 
on the material properties, and accordingly the results of 
the finite element simulations in the literature. These 
studies unveil that the strain-rate effect should be re-
garded in the material model for the correct prediction 
of the dynamic responses and failure characteristics of 
structural elements exposed the impulsive loads (Li and 
Hao 2013; Li and Hao 2014; Chen et al. 2015; Jiang and 
Chorzepa 2015; Do et al. 2018a, 2018b). The strain rate 
effect is considered by multiplying the tensile and com-
pression strengths belonging to steel and concrete mate-
rial with a dynamic increase factor (DIF). The DIF refers 
to a ratio of dynamic strength to static strength and is 
defined for a wide spectrum of strain-rate values. A con-
siderable number of empirical formulations have been 
developed to characterize the strain rate effect for con-
crete and steel materials in the literature (CEB 1990; 
Malvar 1998; Malvar and Ross 1998; Malvar and Craw-
ford 1998; Fan et al. 2011; Hao and Hao 2014). The 
strain-rate effect can be included in the Winfrith con-
crete model via the option existing in its material card. 
For considered strain rate, the tensile (DIFt) and com-
pression (DIFc) DIFs belonging to concrete, taking place 
in the Winfrith model, have been given in Eqs. (9) and 
(10) (Thai and Kim 2014). 

DIFt = (
𝜀̇

𝜀̇0𝑇
)

1.016𝛿

 and DIFc = (
𝜀̇

𝜀̇0𝐶
)

1.026𝛼

 

for 𝜀̇ < 30 s-1 (9) 

DIFt = 𝜂𝜀̇1/3 and DIFc = 𝛾𝜀̇1/3 for 𝜀̇ > 30 s-1 (10) 

The terms taking place in Eqs. (9) and (10) can be de-
fined as follows: 

 

𝛿 =
1

10+0.5𝑓𝑐
 (11) 

𝛼 =
1

5+0.75𝑓𝑐
 (12) 

log10 𝜂 = 6.933𝛿 − 0.492 (13) 

log10 𝛾 = 6.156𝛼 − 0.49 (14) 

𝜀0̇𝑇 = 30𝑥10−6 s-1 (15) 

𝜀0̇𝐶 = 3𝑥10−6 s-1 (16) 

where fc is the concrete cube strength and should be de-
fined in a unit of MPa. Furthermore, the enhancement of 
elastic modulus with the effect of strain rate has (DIFE) 
been considered in the Winfrith material model as fol-
lows: 

DIFE = 0.5 [(
𝜀̇

𝜀̇0𝑇
)

0.016

+ (
𝜀̇

𝜀̇0𝐶
)

0.026

] (17) 

Besides, ∗MAT_PIECEWISE_LINEAR_PLASTICITY (MAT_24) 
allows users to define the strain rate effect. The tensile 
and compression DIF relations of steel material have 
been defined according to equations proposed by Malvar 
(1998). For considered strain rate 𝜀̇ , both tensile and 
compressive DIFs of steel material (DIFSt) can be calcu-
lated with Eq. (18).  

DIFSt = (
𝜀̇

10−4 
)

𝜇

 (18) 

The μ coefficient existing in Eq. (18) can be written as 
based on the steel yield strength (fy) as follows: 

𝜇 = 0.074 −
0.04𝑓𝑦

414 
 (19) 

In the FEM presented, the rigid material behavior has 
been assigned to the steel hammer and steel support. 
Also, all translational and rotational movements of rigid 
support were restrained. The RC slab was located be-
tween steel supports for clamping similar to that of ex-
periments. The penalty-based ∗AUTOMATIC_SUR-
FACE_TO_SURFACE contact algorithm was used for mod-
eling the both contact between the rigid support and the 
RC slab and the contact between the rigid hammer and 
the RC slab. While for the contact between the rigid ham-
mer and the RC slab, the contact stiffness scale factors 
were taken as 0.15, the contact stiffness scale factors 
were defined as 1.0 for the contact between the rigid 
support and the RC slab. Besides, the ∗AUTO-
MATIC_NODES_ TO_SURFACE contact algorithm was 
used for modeling contact between hammer and steel re-
inforcements. A full bond between concrete and rebars 
was generated with ∗CONSTRAINED_LAR-
GRANGE_IN_SOLID algorithm. 
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4. Parametric Study 

In the scope of the parametric study, the FEM of the 
eight RC slabs with fixed support has been generated to 
investigate the effects of input impact energy, the 

location of the point at which impact load is applied, and 
the hammer geometry on the dynamic responses and 
failure characteristics of the RC slabs. Table 1 shows RC 
slab specimens used for the parametric study and the 
investigated parameters in the parametric study. 

Table 1. RC slab test specimens and the investigated parameters 

RC slabs Drop height 
Impact load  

application point 
Hammer geometry 

S1 500 mm Center Cylinder 

S2 500 mm Center Hemisphere 

S3 500 mm Diagonal Cylinder 

S4 500 mm Diagonal Hemisphere 

S5 1000 mm Center Cylinder 

S6 1000 mm Center Hemisphere 

S7 1000 mm Diagonal Cylinder 

S8 1000 mm Diagonal Hemisphere 

S1 and S5 test specimens are FEM of two RC slabs that 
have been tested in the experimental study conducted by 
Kumar et al. (2018), and they are used for verification of 
the present FEM. The geometric dimensions and rein-
forcement details were identical for these slabs and they 
had been presented in Fig. 2(a). The rest of the test spec-
imens in the parametric study have also the same geo-
metric dimensions and reinforcement details. Similar to 
the experimental program conducted by Kumar et al. 
(2018), input impact energies of 1.190 kJ and 2.380 kJ 
have been applied to the center of S1 and S5 (Point A in 
Fig. 2(a)), respectively, by assigning impact velocities of 
3.130 m/s and 4.427 m/s to steel hammer with the 
weight of 242.85 kg. These two input impact energies 
have been assumed as one of the variables of the para-
metric study. However, the weight of the steel hammer 
has been kept constant for all RC slabs in numerical anal-
ysis. The second variable of the parametric study is the 
application point of the impact load. Two different im-
pact load application points exist in numerical analysis. 
One is the center of the RC slabs (Point A in Fig. 2(a)) and 
another is the point at one-four of the diagonal line of the 
RC slabs (Point B in Fig. 2(b)). The last variable investi-
gated in the parametric study is the geometric shape of 

the steel hammer. A cylinder hammer with a diameter of 
100 mm which is taken place experimental program per-
formed by Kumar et al. (2018) and a hemispheric ham-
mer with a radius of 50 mm are two different hammer 
geometries that are included in the present FEM to in-
vestigate the effect of impactor geometry. It should be 
noted here that these two hammer geometries have the 
same weight of 242.85 kg. In the parametric analysis, un-
der the effect of the applied input impact energy to the 
RC slabs, time-histories of the impact loads that act on 
RC slabs, and the displacements measured at the center 
of the RC slab were calculated. Besides, von-Misses 
stress distributions and crack patterns which have been 
obtained by the numerical analysis were presented. Ac-
cording to applied input impact energy, the impact 
forces, displacements, and load-displacement curves 
have been presented in Fig. 5. Besides, Table 2 summa-
rizes the dynamic responses including peak impact 
forces, maximum and residual displacements, and the 
energy absorption capacities calculated from the area 
under the impact load versus displacement curves. Fur-
thermore, Table 3 shows the comparison of the numeri-
cal results of S1 and S5 RC slabs and the experimental 
results presented in the study of Kumar et al. (2018).

Table 2. Dynamic responses obtained from numerical analysis 

RC slabs 
Peak impact  
forces (kN) 

Max  
displacements (mm) 

Residual 
 displacements (mm) 

Energy absorption  
capacities (J) 

S1 273.26 10.58 5.51 1292.67 

S2 99.41 12.74 8.64 1062.51 

S3 264.03 2.50 0.70 398.56 

S4 97.57 0.89 -0.23 76.06 

S5 361.77 18.99 14.00 2640.56 

S6 123.10 25.74 19.34 2195.39 

S7 355.88 3.48 1.66 657.73 

S8 119.93 0.93 -0.21 89.27 
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Fig. 5. (a) - (b) Time histories of impact forces; (c) - (d) Time histories of displacements;  
(e) - (f) Load-displacement curves. 

Table 3. Comparison of numerical results and experimental results (Kumar et al. 2018). 

RC slabs 
Peak impact forces (kN) 

Maximum mid-span  
displacements (mm) 

Residual Displacements (mm) 

Num. Exp. Ratio Num. Exp. Ratio Num. Exp. Ratio 

S1 273.26 259.10 5% 10.58 9.76 8% 5.51 3.31 66% 

S5 361.77 355.46 2% 18.99 19.97 5% 14.00 12.14 15% 
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When the results in Table 3 are examined, it is found 
that there is pretty good accordance between numerical 
and experimental results in terms of impact forces and 
maximum mid-span displacements. However, for resid-
ual displacements, there are up to 66% differences be-
tween numerical and experimental results. It should be 
also emphasized that when applied input impact energy 
is increased, this difference has become remarkably 
lower. Authors consider that alongside the good accord-
ance between numerical and experimental results, 
which were observed for impact forces and maximum 
displacements, the differences in residual displacements 
are also acceptable for impact simulations where loading 
occurs in a very short time. Many factors such as the non-
homogeneous nature of concrete, rigors on accurate es-
timation of strain-rate effect and damping of materials, 
and exact support conditions in numerical analysis con-
trary to real support conditions that have included many 
frictional movements, the complex interaction between 
contact areas during the collision may lead to differences 
numerical and experimental results. Furthermore, simi-
lar acceptable differences between numerical and exper-
imental residual displacements have been observed in 
the comprehensive numerical studies in the literature 
(Othman and Marzouk 2014; Huang et al. 2021; Liu et al. 
2020; Batarlar and Saatci 2022). Eventually, it is thought 
that the presented FEM could be safely used for impact 
responses of the RC slabs with fixed support. 

When the numerical results are examined, it is found 
that for both applied input impact energy the application 
point of impact load has a quite negligible effect on the 
maximum impact forces. When impact load is applied to 
Point B instead of Point A, the decrease in maximum im-
pact load is under 3.3%. However, the application of im-
pact load on Point B instead of A decreased the mid-span 
maximum and residual displacements, and energy ab-
sorption capacities considerably, especially when high 
impact energy is applied. For high input impact energy, 
shifting impact load to Point B, decreased the mid-span 
maximum and residual displacements, and energy ab-
sorption capacities 28 times, 92 times, and 25 times, re-
spectively. Eccentric impact loading has led to less max-
imum and residual displacement on account of the re-
straint provided by the supporting (Anas et al. 2022c). 

Numerical results show that the cylinder hammer 
produces the greater maximum impact forces, however, 
impact duration is shorter. A similar tendency has been 
reported in the previous comprehensive analytical study 
(Li et al. 2019). When results are examined, it is deter-
mined that the cylinder hammer led to approximately 
2.7-3.0 times greater impact forces. However, mid-span 
maximum and residual displacement increased with the 
use of the hemispheric hammer. As a result of impact 
load and displacement tendencies, the energy absorp-
tion of the RC slabs subjected impact load applied using 
a cylinder hammer is greater and they experience more 
ductile behavior. Furthermore, there is an important is-
sue related to maximum and residual displacements that 
should be explained. As above mentioned, the impact 
load applied with a hemispheric hammer cause higher 
displacement values, however, this is true when the dis-
placement measurement has been taken from near the 

collision region which is the surrounding area of the im-
pact load application point (Li et al. 2019). Otherwise, 
this behavior tendency becomes reverse and the cylin-
der hammer generates higher displacements. For exam-
ple, when the impact load is applied to point B, if the 
maximum and residual displacements at mid-span, 
which is relatively far from impact point B, are examined, 
it is seen that S3 and S7 exhibit greater displacement 
than S4 and S8, respectively. For a better understanding 
of this behavior tendency, the maximum displacement 
measurements taken from four points on the diagonal of 
the S5 and S6 test specimens have been presented in Fig. 
6. Impact loads had been applied to the slab center of 
these specimens. When Fig. 6 is examined, it is found 
while in the collision zone, the hemisphere hammer gen-
erates higher displacement values, but away from this 
region cylinder hammer causes maximum displace-
ments. Hemisphere hammer leads to localize damage 
with its penetrative effect and correspondingly in-
creased the displacements that occurred in the collision 
zone. Away from the collision zone, the local damage ef-
fect of the hemisphere hammer remarkable decrease, 
cylinder hammer which produces greater impact forces 
becomes more effective on displacements. 

 

Fig. 6. The comparison of the maximum displacements 
measured at the diagonal of the S5 and S6. 

When impact energy applied to the RC slabs is in-
creased, the force transferred to the slabs and damages 
occurred also increased, and thus, the maximum and re-
sidual displacements, and energy absorption capacities 
increased. With the increase of input impact energy, 
while maximum impact forces increase up to 35%, max-
imum and residual displacements increased up to 2 and 
2.5 times, respectively. Besides, it is found that the en-
ergy absorption capacities increased 1.2-2.1 times with 
the effect of higher input impact energy applied. Fig. 7 
illustrates von-Misses stress distributions and crack pat-
terns obtained from numerical analysis. It is seen from 
Fig. 7 that damage is concentrated more collision region. 
Besides, while cylinder hammers cause more damage, 
the hemisphere hammer leads to penetrative local dam-
aged. The increase of impact energy applied to slabs re-
markably increased the damages.  
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Fig. 7. von-Misses stress distributions and crack patterns obtained numerical analysis.  
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5. Conclusion 

The present study introduces a detailed FEM includ-
ing strain-rate effect, and crack visualization algorithm 
for evaluation of the RC slabs with fixed support under 
the effect of impact load. The proposed FEM has been 
verified with experimental results existing in a study 
previously presented in the literature. Then, a paramet-
ric study where the effects of impact energy applied, the 
impact load application point, and the hammer geometry 
on the dynamic responses and failure characteristics of 
the RC slabs are investigated. The results obtained from 
the parametric analysis are summarized below: 
 The application point of impact load has a quite negli-

gible effect on the maximum impact forces. However, 
instead of slab center, eccentric impact loading gener-
ates less mid-span maximum and residual displace-
ments and energy absorption capacities. 

 Impact loading with a cylinder hammer causes 
greater impact forces however impact duration be-
comes short. The cylinder hammer led to approxi-
mately 2.7-3.0 times greater impact forces. When the 
displacement measurement has been taken from the 
near field of the impact load application point, the 
hemispheric hammer causes higher displacement val-
ues due to localize damage thanks to its penetrative 
behavior. However, for the displacement measure-
ments away from the collision zone, it is observed that 
the cylinder hammer yields higher displacement re-
sponses. 

 With the increase of impact energy applied, the maxi-
mum impact forces increase up to 35%, while maxi-
mum and residual displacements, and the energy ab-
sorption capacities up to 2, 2.5, and 2.1 times, respec-
tively. 

 The authors also consider that for the future studies 
present FEM could be improved with the implemen-
tation of the bond-slip model instead of the assump-
tion of the perfect bond between the concrete and re-
inforcement. 
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