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The Comparison of Fragility Curves of Moment-Resisting
and Braced Frames Used In Steel Structures under
Varying Wind Load

Abdulkadir OZALPY
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Cihan CIFTCI?

ABSTRACT

In this study, the performance of two different steel structure types (moment-resisting frame
and braced frame) under wind loading was compared by addressing the fragility curves of
these structure types. To perform this comparison, the dimensions of the members of these
structural systems were first determined. Then, nonlinear static pushover analyses were
conducted to assess the performance levels of each frame type. After applying these analyses,
time-history analyses were performed with 100 different wind loads for each varying
equivalent mean wind speed. Afterwards, the probability of exceeding the predetermined
structural performance limits of the structure types was determined using Monte Carlo
simulation method. Finally, the results of the simulation method were used to adapt the
maximum likelihood estimation method to obtain the fragility curves of the structures. To
conclude, it has been revealed that the material cost of the structure doubles when diagonal
elements are used, but the wind speed required for a 100% collapse probability to occur in
the braced frame is twice as high compared to the moment-resisting frame.

Keywords: Performance based design, time history analysis, pushover analysis, load
resistance factor design, fragility curve.
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1. INTRODUCTION

Thanks to the advancing technology and production techniques, many different structures
can be built today. In order to make these structures sustainable, the analysis and design of
the structures are important. In the application of these analyses and designs, not only the
stiffness values of the structures but also the external loads acting on the structures have an
extremely important role. Among these external loads, hurricanes are one of the most
destructive natural disasters that can cause serious damage to structures and loss of life due
to the wind forces that they exert (especially for high-rise buildings to be the subject of this
study). Meanwhile, this destructive effect of wind loads is also directly related to the
geographical region where the structure is located. Since the size and distribution of wind
loads vary according to geographical regions in the world, for example, according to the
World Wind Map [1] given in Fig. 1, the wind speed is quite high on the east coast of the
United States.

<) Global Mean Wind Speed at 80m & 3TIER

Figure 1 - The distribution of the average wind speed at 80 m height in the world

Hurricanes are common on the east coast of the US. In Fig. 2, wind speeds of office buildings
located on the southeast and east coasts of USA are given [2]. According to the structural
design regulations, these wind speeds are taken into account in the design calculations of
buildings. However, in some cases, wind speeds can exceed these values, especially in
hurricanes. The reason why such situations are ignored in regulations is that wind-caused
natural events are not seen very often. However, in such situations, the effect of wind loads
can be much more destructive. For example, Hurricane Sandy caused about $65 billion cost
in property damage in the Ontario province of Canada and the northeastern coast of the
United States [3]. Due to the severity, intensity, and effects of hurricanes in America, this
country is chosen as the geography in this study.

Risk represents the probability of occurrence of hazardous events and the function of their
social and economic impact. The search for more efficient methods to reduce risks and
quantify these risks has led to the development of performance-based engineering approach.
Performance-based engineering covers a wide place in the literature [4]. The main philosophy
of the performance-based design is based on the material properties, type and dimensions of
the selected building member to provide the targeted performance for the predetermined
hazard level [5].
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As mentioned above, in extraordinary situations such as natural disasters, the safety of
buildings designed according to specific standards cannot be ensured [6]. If the force-
displacement graph of the performance levels of the structures is known, it can be predicted
when the structure will need to be evacuated, whether it can be used or not and when it will
collapse. Then, performance-based analysis of buildings is of great importance in order to
reduce the loss of life and property that may occur [7]. The fragility curves developed as a
result of the performance-based analysis to predict the probability of collapse of the structures
under varying wind speeds.

Fragility curves are cumulative distribution functions that enable to obtain the variability in
the increment of probability of reaching damage states including engineering parameters such
as story drift or exceeding these damage threshold limits [8—10].

L, _115(81)

130(58)140(63)

. Special Wind Region

Location Vmph (m's)

Guam 195 (87) 150(67) 160(72)
Virgin Islands 165 (74) - g_g?:—‘ln(rs]
American Samoa B 160 (72)

130 (58) Puerto Rico

Figure 2 - Wind speeds of workplaces on the east and southeast coasts of the USA

The fragility analysis can be used not only in the field of structural engineering, but also in
different areas such as the possibility of trees collapsing at extreme wind speeds. Ciftci et al.
[11] explained an approach expected to be used to determine the probability of collapse of
trees exposed to windstorm. In their study, this approach was exemplified by using two maple
species in the state of Massachusetts, USA. As a result of this study, it has been shown that
the applications related to the modeling of the collapse probability of open-grown trees using
the probability-based fragility analysis and dynamic time history analysis make a unique
contribution to the risk assessment of amenity trees. Lignos and Karamanci [8] discussed the
development of the displacement-based and two-parameter fragility curves of steel structural
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frames with concentric diagonal members designed for a seismic zone in their study. For steel
diagonal elements subjected to periodic loading; drift-based fragility curves have been
developed for three damage cases, including local buckling, bending buckling and loss of
strength due to rupture of diagonals. The effect of material variety, cross-sectional shape of
diagonals and loading protocols on drift-based fragility curves have been investigated. The
effects of global and local slenderness ratios on the rupture ductility of steel diagonal
elements with different shapes were investigated by using two-parameter fragility curves
associated with geometric ratios such as the slenderness ratio together with the expected drift
ratios when these previously defined three states occur. Studies have shown that the proposed
fragility curves can be used to evaluate quickly the seismic fragility of frames with concentric
diagonal members. Shin et al. [12] developed a seismic strengthening scheme with steel struts
resistant to buckling for a 2-story steel frame structure designed only for dead loads by using
the fragility contour method in their study. Then, using the fragility contour method, the
seismic performance of the structure was assessed before and after the strengthening, and the
improvement of performance level was evaluated in case of structural collapse or loss of
bearing capacity of the structural members. Based on analytical studies, the most effective
strut model for the strengthening scheme has been proposed based on various scenarios in
terms of the weight of the developed strutting models. This study shows that the fragility
contour method can be an effective tool for seismic evaluation and strengthening of
structures. Sakurai et al. [13] investigated the contribution of the source of the variables in
the moment-rotation characteristics of the connections to the unknowns in the frame
deformations by using probability-based finite element analysis to compare the effect of
bending stiffness of columns and beams and internal connection stiffness in their study.
Probability- based finite element analysis was used to describe the system fragility that
defines the probability of exceeding three limit states related to maximum lateral
displacement, maximum inter-story drift ratio, and the elastic bending moment capacity
which are the function of lateral load. In performance-based design, the effect of variables of
internal connection stiffness on frame behavior is very important. The fragility analysis for
frame deformation has shown that the coefficient on variation has a significant effect on the
performance of frames (especially deformations of frames with complex geometry). Ramirez
et al. [14] developed fragility functions that enable to calculate the damages that occur in
column-beam connections with welded heads and bolted web built before 1994 in their study.
While developing these functions, the experimental results of 51 column-beam connections
tested within the scope of 10 different studies conducted in the last 26 years were taken into
consideration. When developing the fragility curves, statistical unknowns related to factors
based on the development of these curves as a small sample of the experimental results, as
well as unknowns due to the difference between samples were taken into account. The results
have shown that the developed fragility functions can be easily used by designers and those
interested in this work in the performance-based evaluation process to calculate the
probability of damage (yielding and crack development) in pre-Northridge column-beam
connections which are part of moment-resisting frames after being hit by seismic waves of
the considered earthquake scenario. The same functions can be easily used with the
probability of exceeding a certain limit to calculate the maximum damage that may occur
after the design and the most severe earthquake event considered. Kazantzi et al. [15]
determined the arbitrarily chosen unknown system parameters that exist in nature of this
structure in order to safely calculate the seismic performance of the 4-story moment-resisting
steel frame in this study. Firstly, an advanced numerical model was created by transforming
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the strength and plastic deformation properties of this system into three-dimensional
parameters. Empirical relationships were derived from the experimental data used to model
the periodic behavior of steel sections by using probabilistic distribution parameters
including correlation between components. Finally, incremental dynamic analysis and Monte
Carlo simulation were used to evaluate completely the seismic performance of the model
under the effect of the unknowns. In this study, it was also examined which unknown model
parameter would trigger negative demand-capacity correlation in the structural fragility
assessment. Considering the structural quality levels (high, moderate and low) in FEMA P-
58 and the moment-resisting frame examined, potential demand capacity correlation will
likely result in the use of unconventional methods (e.g. fragility analysis) to calculate the
fragility of local damage cases (especially where sub-standard quality control is applied
during the construction phase) even though there is well agreement with structural demands
obtained with or without considering unknown model parameters of very well-designed
modern structures. Ozel and Giineyisi [16] investigated the seismic reliability of the mid-rise
reinforced concrete structures strengthened with eccentric steel braces by using fragility
curves. As a result of the studies, four performance limit conditions (slight, moderate, major
and collapse) were defined. The fragility curves for these limit states have been developed
according to the peak ground acceleration with the log-normal distribution assumption. As a
result of this study, improvements in the seismic performance of the mid-rise reinforced
concrete structures which are strengthened with different eccentric braces have been achieved
by using the formulation of fragility reduction. Kim and Shinozuka [17] examined the results
of the fragility curve development for two typical bridge samples in southern California
whose columns were reinforced with steel sheathing method against seismic effects in their
study. Fragility curves were developed using a two-parameter log-normal distribution as a
function of peak ground acceleration. Fragility curves of the bridge before reinforcement and
post reinforcement were compared to quantify the improvement in fragility due to
reinforcement. The improvement in fragility was determined quantitatively by comparing the
median values of the fragility curves plotted before and after reinforcement in order to
formulate the problem of developing fragility. The calculated analytical fragility curves
corresponding to the damage cases and have an intuitive meaning regarding the design,
strengthening and performance of the bridge for earthquake events that occurred in the past.
In addition, it was expected that the experimental fragility curves can be much more reliable
than the fragility curves derived by other means.

As a result of the literature review, while many studies on seismic fragility analyses of
structures have been found, it has been observed that there are fewer studies on wind-induced
fragility (e.g., Smith and Caracoglia 2011; Chuang and Spence 2017; Cui and Caracoglia
2019; Ma et al., 2021; Jiang et al., 2023). When these studies are examined, it is noticed that
seismic fragility or wind-induced fragility analyses are based fundamentally on the same
philosophy and contain great similarities, except for some details in their applications. The
wind-induced fragility analysis was also used in this study as a tool to compare and discuss
distinct steel structure types under wind loads. In this respect, although this study is not the
first to present wind-induced fragility analysis for structures, it is unique in that it expresses
and compares the performance-based behavior of two different steel structures (moment
resisting and braced frames) under wind loads using fragility analysis. With this concept, in
this study, these steel structural frames were designed as symmetrical office buildings having
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six spans by considering the previous studies, since the torsion effect are not desired in the
structures under consideration [18,19].

Therefore, it was decided to design the structure as an office building [20]. Considering the
literature reviews, two different structural frame systems have been selected, namely,
moment-resisting frame and braced frame [16, 18, 2 1-27]. These two frame types were used
to provide stability in structures subjected to lateral loads. The fragility curves for these two
frame types were plotted by using performance-based analysis method. Firstly, three different
performance levels were determined for both frame types, namely, Immediate Occupancy
(I0), Life Safety (LS) and Collapse Prevention (CP) using pushover analysis. Then, nonlinear
time history analysis method was conducted for the frames depending on the varying wind
speeds [28-30]. The number of frames exceeding the displacement limits of the performance
levels was determined by comparing the displacement values obtained from the time history
analyses with the limit displacement values of the previously determined performance levels.
Finally, fragility curves were plotted by considering the number of frames exceeding the limit
values of performance levels. According to the results, braced frames can withstand much
higher wind speed than moment-resisting frames.
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Figure 3 - Considered structural bearing systems a) Frontal view of moment-resisting
frame b) Frontal view of braced frame

The focus of this study is to compare the fragility curves of two distinct structure types (the
moment resisting frame and the braced frame). In order to apply the fragility analyses to these
structural types, it is necessary to select a place corresponding to some assumptions required
for all the analyses. The northeastern part of the USA was chosen for the case studies of this
research for two reasons. First, this region on earth are often exposed to strong winds. The
second reason is to utilize the existing knowledge of the authors, because some of the
assumptions used in synthetic wind generation have been used previously for this region.
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2. METHODOLOGY

This research contains a case study on the comparison of the fragility curves of two different
structural systems (moment-resisting and braced systems) subjected to wind loading. The
implementation of these fragility analyses is addressed in the three subtitles of this section
that explain the three main steps. As the first step, the cross-sectional areas of the members
had already been designed by considering dead loads, live loads, and wind loads. To give
more details, the sections for columns, beams, and braces were roughly determined with the
preliminary design by considering the live load and wind loads. After the section selections
had been made, the load combinations determined according to ASCE 7-10 Section 2.3.2
were defined in the models for each structural system. Then, the design of the sections was
finalized using the tool of section checks in the SAP2000 packaged software according to the
American Steel Structure Institute Load and Resistance Factor Design (AISC-LRFD). In the
second step, the capacity calculations of two structural systems were done using pushover
analyses. For these pushover analyses, the needed critical rotations and displacements of the
structural members with known cross-sectional areas were found for three performance
levels: 10 (immediate occupancy), LS (life safety), and CP (collapse prevention). Then, it
was revealed that the beams for the moment-resisting system and the braces for the braced
system were in charge of controlling all these performance levels, according to the pushover
analyses. As the third step, these critical values of the performance levels were used as the
limitations of the fragility analyses of the two structural types to be compared with each other.

2.1. A Case Study of Two Structural Systems

In this study, two different structural systems were used, namely the moment-resisting frame
and the braced frame (Fig. 3). When a tal building is designed, the time required for analysis
can be very long. Therefore, a 10-story steel frame with 5.5 m story height (total height 55
m) was chosen. While making this choice, the Home Insurance Building which is generally
regarded as the world's first skyscraper, built in 1885 in Chicago, America and has a 10-story
steel frame was taken into consideration [31]. The structural bearing systems used have 6
spans of 5 m length.

Considering the literature on braced frames, in some studies [16,32], diagonal elements were
used only in selected bays of the structures, while in others [33-36], they were used in each
bay. In this study, as in the examples given above, diagonal members were used in each bay
of the braced frame structure. In addition, the column-beam connections used in these braced
structures were modeled as pinned joints. Therefore, the lateral force resisting system in
braced frames was provided only by the diagonal members used in each bay. In order to have
the consistency for the moment resisting frame (MRF) structures with the braced ones, the
lateral force resisting system of the MRF structures was provided by the fixed connections at
all column-beam joints.

The architecture of the building is designed to be symmetrical as an office building. The
spaces in the building (stairwells, elevator shaft,s etc.) are not taken into account. It was
assumed that glass was used as facade material in the building. The weight of this material
was ignored. It has been determined that the natural frequencies of the buildings are greater
than 1 Hz in both cases, whether they have glass facade or not. For this reason, structures
displace rigid behavior in these two cases. In this respect, the effect of using facade on the
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lateral dynamic behavior of the structures has been neglected, and the structures were
modeled using only structural elements.

As it can be seen in Fig.3, considering that the structural system elements and the supports at
the base are symmetrical and also that the vertical wind load distribution symmetrically acts
on the buildings for each bay, it was decided to analyze these building systems in 2D instead
of 3D. In addition, it takes a long time to analyze the structures in three dimensions due to
the large number of analyses to be made. Therefore, considering the literature reviews, the
structures were modeled and analyzed as two dimensional systems [15]. SAP2000 was used
to structural modeling [9,37,38].

As can be seen from Fig. 2, the highest wind speed belongs to Puerto Rico. However, since
the wind speed to be applied in the fragility analysis will be above this value, there is no
drawback in choosing the city of Boston. The basic wind speed for the city of Boston has
been calculated as 62.14 m/s (Fig. 2). Since the structures used are the main wind force
resisting systems, wind directionality factor K4 was chosen as 0.85, the exposure category as
B, topographic factor K, as 1.0, wind impact factor G as 0.85, internal pressure coefficient
GG, as +0.18, external pressure coefficient Cp for the windward wall as 0.8, and the C, for
the leeward walls as -0.5, respectively (Table 1).

Table 1 - Parameters used in calculating the wind loads affecting on the frames

K4 0.85
Exposure Category B
Ka 1.0

G 0.85

GCy; 0.18

Design wind pressures (see ASCE 7-10 Eq. 27.4-1) and velocity pressures (see ASCE 7-10
Eq. 27.3-1) were separately calculated for windward and leeward directions by using
parameters listed in Table 1. For windward direction, the parameter K used in these
calculations depends on height. For this reason, the vertical wind profile in windward
direction has a non-uniform distribution as shown in Fig. 4. On the other hand, the vertical
profile in leeward direction has uniform distribution because the K parameter has a constant
value for this direction. In addition, for the calculations of the design wind pressure values in
the windward and the leeward directions, the wind speed (V) values come from the wind
speed data, which are synthetically generated for each mean speed in the scope of fragility
analyses.

After determining the distributed wind load which exerts on buildings, characteristic live
loads of the floors were determined according to ASCE 7-10 Table 4-1. Since the buildings
to be used in the analysis were designed as office buildings, the characteristic live loads of
these structures had been chosen as 2.40 kN/m? [39].

After determining the dead loads, live loads and wind loads for the structures, the building
was modeled using Sap2000 [37]. Firstly, the geometrical properties of the structure were



Abdulkadir OZALP, Hande GOKDEMIR, Cihan CIFTCI

determined. Then, the material properties were obtained. The most commonly used structural
steel grades are ASTM A36 and ASTM A992 steels [40]. Structural steel types commonly
used in America nowadays are produced according to ASTM A992 standard, which has
higher yield and tensile strength than A36 steel [33]. Considering the literature review, the
steel grade to be used in the buildings was considered as ASTM A992 [41]. The modulus of
elasticity is 200 GPa, Poisson ratio is 0.3, shear modulus is 79.3 GPa, weight per unit volume
is 76.9729 kN/m?3, mass per unit volume is 7.849 kN/m?3, minimum yield stress is 345 MPa
and minimum tensile stress is 450 MPa for ASTM A992 steel.
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Figure 4 - Wind speed distribution for windward and leeward direction

Then the sections for columns, beams and braces were selected. Since the shear center does
not coincide with the center of gravity of the section in singly symmetric double angle and T
profiles, torsion effect may occur in these sections. In combined profiles, the compressive
strength is affected by the shear transmission strength of the fasteners connecting the
elements and the shear resistance of these fasteners [42]. W profile was selected for columns,
beams and braces, considering the literature review [8,43]. The section chosen for the
columns was W 21x111, for the beams was W 14x53, and for the braces was W 8x67.

After the section selections had been made, three different load models were defined as dead
load, live load and wind load.

Nonlinear time history analysis method was used to examine the time-varying effect of loads
during the modal analysis. Time history analysis can be conducted by using modal analysis
or direct integration method [44]. In this work, eigenvectors were selected. However, modal
nonlinear analysis gives better results with Ritz vectors [45]. For this reason, the direct
integration method was used for time history analyses.

After the required loads were applied on the structural systems, the load combinations
determined according to ASCE 7-10 Section 2.3.2 were defined and the analyses were
conducted accordingly these combinations. The load combinations defined are given below
[39].
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1.4D (1)
12D+1.6L+0.58 =1.2D +1.6L(S = 0) )
12D +1.3% +0.5L+0.55 =1.2D++1.3W +0.5L(S = 0) 3)
0.9D+(1.3W or1.0E) = 0.9D +1.3% (E = 0) &)
0.9D—(1.3W or1.0E) = 0.9D—1.3W (E = 0) (5)

where, dead load is denoted by D, live load by L, snow load by S, earthquake load by E and
wind load by W, respectively.

Then, considering the literature reviews, section checks were performed according to the
American Steel Structure Institute Load and Resistance Factor Design (AISC-LRFD) method
by using the SAP2000 software [46,47].

2.2. Capacity Calculation of Structural Systems

The capacity calculation of the selected structural systems was made by using pushover
analysis [28,48, 49]. By applying this method, the structures were subjected to nonlinear
static pushover analysis, and the nonlinearity was provided by assigning plastic hinges to the
structural elements. The material nonlinear behavior of the elements was modeled by
utilizing plastic hinges specified in the FEMA 356 guidelines. According to this regulation,
while the plastic hinges of the columns and beams can be determined by moment - rotation
relationships, the plastic hinge of the brace members can also be defined using force
displacement relationships. The pre-existence of these mechanical relationships in the SAP-
2000 program as a default setting provided great convenience for the implementation of this
investigation. Since it was possible to obtain the detailed information and values regarding
these relationships from the default settings in the SAP-2000 program, it was thought that
there is no need to provide them in this text.

In this analysis method, the lateral load model distributed along the height of the structure
was used. These lateral loads were then monotonously increased until the structure collapsed
or reached the target displacement. Pushover analysis is a simple option to calculate the
resistance capacity beyond the elastic region and can be used to determine potential weak
zones in the structure [50]. Regarding the lateral load pattern used in pushover analyses,
different loading patterns show only a slight change in performance in regular buildings
(Abhilash et al. 2009). That is why the equivalent lateral force distribution utilized in FEMA-
273 was arbitrarily selected for the pushover analyses addressed in this investigation.

Although two main design criteria are typically considered in ultimate bearing capacity
methods (functionality limit, strength limit), there are several design criteria in performance-
based design (10, LS, CP).

It is inevitable for steel structural systems to exhibit nonlinear behavior under load due to the
large ductility of steel material. In this regard, pushover analyses are among the most

10
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frequently used techniques in the literature for the performance of these steel structures, as
they are a type of nonlinear static analysis [51, 52]. Firstly, plastic hinges for structural
members were defined according to ASCE/SEI 41-13 [53] to conduct this analysis. Since
columns were mostly affected by axial force and moment, plastic hinges were defined to
carry axial force and moment. As beams were mostly affected by moment, plastic hinges
were defined to carry moment only. Because braces were only exposed to axial force, the
plastic hinges were defined to carry only axial force. Additionally, in this study, the geometric
nonlinearity of the pushover and time history analyses was carried out by taking into account
P-Delta effects.

The displacement control was performed according to the joint at the top left corner of the
frames (Figs. 5(a)-6(a)). As a result of the analysis, pushover curves of the moment- resisting
frame and braced frame were obtained (Figs. 5(b)-6(b)). It was concluded that the braced
frame started to lose its resistance after 7684.7 kN and the maximum displacement value
without occurring collapse for the joint point at the top left corner is 0.085 m from Fig. 5(b).
It was also concluded that the moment-resisting frame began to lose its bearing strength after
1651.9 kN and the maximum displacement value without occurring collapse for the joint
point at the top left corner was 0.903 m from Fig. 6(b).
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Figure 5 - Pushover analysis results for the braced frame a) The joint where the
displacement is checked in the pushover analysis b) The pushover curve of the structure

When Fig. 5(b) and Fig. 6(b) are compared, it is seen that braced frame can carry more load
than the moment-resisting frame, while the maximum displacement value of the moment-
resisting frame is greater. This shows that although the strength of braced frame is higher,
the moment-resisting frame is more ductile.

11
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Figure 6 - Pushover analysis results for the moment resisting frame a) The joint where
the displacement is checked in the pushover analysis b) The pushover curve of the structure

After the pushover curves of both frames were obtained, structural performance levels were
determined on these curves according to ASCE/SEI 41-13 [53]. These levels were divided
into three categories as 10, LS and CP Performance levels and were determined by the levels
of plastic rotation angles at the beams, and the plastic deformations at the braces according
to the standard of ASCE/SEI41-13 [53]. Acceptance criteria for plastic rotation angles of the
beams and plastic deformations of the braces were determined according to equations given
in the relevant specification. Table 2 shows these rotation angles and deformations
corresponding to the structural members. According to Table 2, the performance levels of
10, LS, and CP occur beyond 0.003, 0.026, and 0.032 in radians respectively, for the beam
members. For the brace members, 10, LS, and CP levels start with the plastic deformations
having the values 0.002, 0.032, and 0,039 in meters, respectively.

Table 2 - Plastic rotation angles and deformations at the relevant structural members with
the performance levels

Performance Plastic Rotation Angles for Beam Plastic Deformations for Brace

Levels Members (rad) Members (m)
10 0.003 0.002
LS 0.026 0.032
CP 0.032 0.039

12
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As aresult of the performed pushover analysis, it was observed that minor yielding occurred
in one beam in the fourth step for the moment-resisting frame. Therefore, the fourth step was
determined as the IO performance level. In the fifth step, it was observed that few beams had
small-scale yielding but they could still carry shear force. Therefore, the fifth step was
determined as the LS performance level. In the sixth step, it was observed that yielding started
in one of the columns on the bottom floor of the building and yielding occurred in many
beams. Therefore, the sixth step was determined as the CP performance level.

In the braced frame, it was observed that small-scale yielding occurred in one brace in the
first step. Therefore, the first step was determined as the IO performance level. In the second
step, it was observed that small-scale yielding occurred in few braces, and there was a sudden
decrease in the lateral strength of one brace, but it did not lose its strength completely.
Therefore, the second step was determined as the LS performance level. In the sixth step, it
was observed that there was significant yielding and sudden strength loss in many braces,
and small-scale yielding occurred in one of the columns on the bottom floor of the building.
Therefore, the sixth step was determined as the CP performance level. In the Table 3, required
force and displacements are shown in order for the moment-resisting frame to reach the
predetermined performance levels. According to Table 3, in the fourth step of the moment-
resisting frame, the displacement of the joint at the upper left corner of the frame was 0.343
m, the corresponding base shear is 1116.6 kN, in the fifth step the displacement of the joint
at the top left corner of the frame is 0.446 m, the corresponding base shear is 1368.8 kN, In
the sixth step, the displacement of the joint at the top left corner of the frame reached 0.550
m, and the related base shear equaled 1541.9 kN.

Table 3 - Displacement values occurring at the performance levels of the moment-resisting

frame
Step Displacement (m) Base Shear (kN)

0 0.000 0.0

1 0.100 3274
2 0.200 651.5
3 0.300 977.1
4 0.343 1116.6
5 0.446 1368.8
6 0.550 1541.9
7 0.591 1592.6
8 0.677 1641.6
9 0.740 1659.7
10 0.755 1659.3
11 0.866 1654.2
12 0.903 1651.9
13 0.774 1216.6

13
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In the Table 4, the required force and displacements are shown in order for the braced frame
to reach the predetermined performance levels. According to Table 4, in the first step of the
braced frame, the displacement of the joint at the upper left corner of the frame is 0.027 m,
the corresponding base shear is 3226.2 kN, in the second step the displacement of the joint
at the upper left corner of the frame is 0.053 m, the related base shear is 5941.3 kN, in the
sixth step, the displacement of the joint at the top left corner of the frame is 0.064 m and the
base shear is 6536.3 kN.

Table 4 - Displacement values occurring at the performance levels of the braced frame

Step Displacement (m) Base Shear (kN)

0 0.000 0.0

1 0.027 3226.2
2 0.053 5941.3
3 0.054 5867.0
4 0.058 6061.3
5 0.061 6286.7
6 0.064 6536.3
7 0.067 6489.8
8 0.069 6700.1
9 0.072 6751.4
10 0.085 7684.7
11 0.049 3163.8

2.3. Obtaining Fragility Curves

Fragility functions can be plotted in a single step for the whole structure or in two steps by
considering the entire structure and beam-column joints separately [14]. In this study, the
fragility curve was created for the entire structure in one step.

In order to plot the fragility curve, firstly, wind models were created depending on the
probability. The Ochi-Shin equation was used to determine the wind spectrum for Boston
located on the Atlantic ocean coast (Eq. (6)).

Sy, (@)=~ (©)

where, wind spectral density is denoted by SV (w), surface drag coefficient which is related
to surface roughness is denoted by C, mean wind speed (m/s) at 55 m height is denoted by
V., frequency of wind (rad/s) is denoted by o and gust factor is denoted by F,. The Ochi-
Shin equation is also very useful in the condition of modifying the surface drag coefficient

14
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which is a physical and singular parameter. Therefore, this equation was chosen while
creating the probability based wind model. The C value was modified to use in the considered
building systems. F value is calculated according to Eq. (7) [11].

583((1.5920) / V) 0<@<0.001885V,
0.7
F =) RUAN VI 6018857 <0< 0.06287, (7)
¢ U+ ((1.5920) 1 V)" 5™
838((1.5920) /V',) 0.0628V. <@

(1+((1.592w)/ VW)O.35)11_5

The modification process included the calculation of the spectral densities of the changes in
wind speed with time in the city of Boston. Then, these spectra were compared with Eq. (6)
and defined as in Eq. (9) by changing the C value (Eq. (8)) defined initially [11].

C =(750+69V,)(1.0%10°*) (8)
C =(750+69V,)(3.7*10™°) 9)

Then, the spectral densities of the data obtained from the field were compared with the
spectral densities plotted using the modified Ochi-Shin equation. Each of these spectra
showed the wind spectrum experimentally generated based on observations of wind records
in a very narrow mean wind speed range, and the spectrum plotted by the modified Ochi-
Shin equation corresponding to the same average wind speed range. After making these
comparisons, wind speed varying with 0.05 s increments in the range of 40 m/s < V,, <220
m/s was generated for the reference height (55 m) for finite element model [11].

To produce wind speed data, firstly, for each Vy, (wind speed) increase, 100 random wind
data were generated by substituting Eq. (9) and Eq. (7) in Eq. (6) and using the spectral
method shown in Eq. (10) [11]

Vo) = Zn: A, sin(@,t) +B, cos(a,t) (10)

r=1

Then, the Nataf model was used to transform Gaussian data into time history data series with
log-normal marginal distribution which is the most widely used wind speed record
distribution type (Eq. (11)).

,LI.X-Z G llez +O_.x2
Jux +ox’ HX;

where, Gaussian variable is denoted by VY, mean is denoted by ox? and variance is denoted
by px;. Although the Nataf model distorts the spectrum while transforming it from the
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Gaussian space to the non-Gaussian space, this distortion was neglected because it was small
(<1%) [11]. One of these time history data is shown in Fig. 7. From this figure, it is seen that
wind speeds change in intervals of 0.05 seconds.
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Figure 7 - One of the 100 data generated for an average wind speed of 120 m/s

After generating the wind data, nonlinear time history analyses were conducted on both
frames using these data. The mean wind speed values varying between 40-100 m/s were used
when conducting time history analyses for moment-resisting frames while the mean wind
speed values varying between 70-220 m/s were used when conducting time history analyses
for braced frames. Since the time values changed in the range of 0-450.5 seconds in
increments of 0.05 seconds, time history analyses were conducted in 9010 steps and 100
analyses were conducted for each mean wind speed. For all these analyses, the damping ratio
was used to be 0.02, which is consistent with the literature [54,55].

Then, the number of frames reaching or exceeding predetermined performance levels was
calculated and the probability of reaching or exceeding these performance levels for both
frames was determined by using these data.
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As a first step to determine these possibilities, graph of mean wind speed vs. number of
frames reaching or exceeding the predetermined performance levels for both frame types was
plotted using the Monte Carlo (MC) method. For structures with detectable level of failure
probability, MC simulation can give precise results to a certain extent [18]. For this reason,
in this study, the possibility of reaching or exceeding the predetermined performance levels
of the structures was calculated using MC simulation. The number of frames exceeding the
predetermined performance level vs. mean wind speed graph obtained by MC method was
shown in Fig. 8.

After determining the probability of exceeding the performance levels for the frames
depending on the wind speed, the fragility curves for these performance levels were plotted
as a last step. When defining the fragility functions, the log-normal cumulative distribution
function was generally used (Eq. (12)) [9,10,38,56].

(12)

P(C|IM =x) :@(Mj

B

where, possibility of collapse the structure for wind speed corresponding to IM = x is denoted
by P(C | IM =x), intensity measure is denoted by IM, standard normal cumulative distribution
function is denoted by @ function, mean of fragility curve (IM level which has 50%
possibility of collapse) is denoted by 0 and standard deviation of In(IM) is denoted by f. In
order for Eq. (12) to be adapted to the structure under consideration, the 6 and B values
obtained from the structural analysis results should be calculated. These parameters were
shown as 6'and f§'in calculations [57]. Generally, two different statistical approaches are used
to calculate the parameters obtained from the data. The first method is the moments method,
which aims to find parameters that show the same sample moment (mean, standard deviation,
etc.) distribution of the observation data. The second method is the maximum likelihood
estimation (MLE) method, which aims to find the parameters that are distributed in a way to
provide the maximum probability of occurrence of the obtained observation data [57].

Since the wind speed used at each intensity measure level varies, the analyst may not fully
observe the percentage increase in the collapse probability of the building with the increase
in the intensity measure although it is known that the possibility of collapse of the structure
will increase with the increase of the intensity measure. The suitable fitting technique for
such data is the MLE method used by many researchers [57]. Therefore, the fragility curves
were obtained using the MLE method. In this method, the structural analyses generate the
number of collapse out of the total number of wind speeds for each  IM = xj intensity
measure level. Since the analysis data was obtained at more than one intensity measure level,
the likelihood of the whole data set was calculated by the following formula (Eq. (13)).

n,jq)[ln(xj /9)}2' [1- (D[ln(x, /%D”"" (13)
z; B B

where the number of wind speed is denoted by nj, number of occurring collapses is denoted
by zj and level of intensity measure is denoted by Xj.

Likelihood = H[

Jj=1
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In order to calculate the fragility function parameters, the likelihood function in Eq. (13)
should be maximized. This operation is equivalent to maximizing the logarithm of the
likelihood function (Eq. 14). Thus, it can be easier to find the 6 and f parameters.

0,8} = arg maxi{ln [ﬂ]+ z, 1nq>[m(2'/0)J +(n, —zl)ln{l - 1nq>[m(’;/0)}} (14)

o.p J

Fragility curves were plotted in computer environment for three different performance levels
(I0, LS, CP) of moment-resisting frames and braced frames, depending on the MC data.

3. RESULTS AND DISCUSSIONS

As mentioned before, this research was conducted as a case study focusing on the comparison
of the fragility analyses of two distinct structure types (moment-resisting and braced frames).
Therefore, the results obtained with this research belong to the two different structural
systems discussed within the case study, and these results are only recommended for other
structural systems but not inclusive of all. Additionally, to repeat, it can be stated that this
study focused on comparing the fragility curves of two different structural systems (moment-
resisting and braced frames). For this comparison, all the mechanical properties of the beams
in each system, such as the amount and cross-sectional areas (W14x53), were assigned the
same. This situation was also true for columns (W21x111). Both structural systems offer only
one different feature among themselves. This difference is that, while there are no cross
members in the moment-resisting frame system, which can carry moments at the joints, the
braced frame system has those cross members that carry axial loads.These structural frame
systems have been analyzed as 2D for this study. Therefore, the differences between the
fragility curves of these structural systems, which are equivalent in terms of all their features
but differ in only one aspect, have explored and revealed more consistently and accurately.

The data obtained by MC and MLE method are shown in Fig. 9. In this figure, red line shows
the results obtained from the calculations made according to the MLE method, while the blue
points show the results obtained from the calculations made according to the MC method.

According to Fig. 9(a), no frame exceeds the 10 performance level for 40 m/s average wind
speed in moment-resisting frames. In addition, it is also seen that all frames exceed 10
performance level for 80 m/s when MC method is used in calculations and for 100 m/s when
MLE is used in calculations.

According to Fig. 9(b), no frame exceeds LS performance level for 40 m/s average wind
speed in moment-resisting frames. In addition, it is also seen that all frames exceed LS
performance level for 90 m/s when MC method is used in calculations and for 100 m/s when
MLE is used in calculations.

According to Fig. 9(c), no frame exceeds CP performance level for 40 m/s average wind
speed in moment-resisting frames. In addition, it is also seen that all frames exceed CP
performance level for 100 m/s when MC or MLE method is used in calculations.

According to Fig. 9(d), no frame exceeds IO performance level for 70 m/s average wind
speed in braced frames. In addition, it is also seen that all frames exceed 10 performance
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level for 140 m/s when MC method is used in calculations and for 150 m/s when MLE is
used in calculations.
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Figure 9 - Plots for probabilities of exceeding predetermined performance levels depending
on changing wind speeds for frames a) Probability of exceeding 10 performance level for
moment-resisting frames b) Probability of exceeding LS performance level for moment-
resisting frames c) Probability of exceeding CP performance level for moment-resisting
frames d) Probability of exceeding 10 performance level for braced frames e) Probability
of exceeding LS performance level for braced frames f) Probability of exceeding CP
performance level for braced frames

According to Fig. 9(e), no frame exceeds LS performance level for 100 m/s average wind
speed in braced frames. In addition, it is also seen that all frames exceed LS performance
level for 200 m/s when MC method is used in calculations and for 210 m/s when MLE is
used in calculations.
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According to Fig. 9(f), no frame exceeds CP performance level for 110 m/s average wind
speed in braced frames. In addition, it is also seen that all frames exceed CP performance
level for 220 m/s when MC or MLE method is used in calculations.

In addition, yielding starts and then collapse occurs in the mean wind speed range of 40-100
m/s in the moment-resisting frame, while yielding starts and then collapse occurs in the wind
speed range of 70-220 m/s in the braced frame. Considering that hurricanes have a variable
wind speed range, it can be stated that it is more advantageous if the process between yielding
and collapse of structures takes place in a wider wind range.

Table 5 - Comparison of performances of the moment-resisting frame and braced frame
under varying mean wind speeds

Probability of exceeding performance level according to MLE method (%)

Mean wind Number of

speed (m/s) Analyses Braced frame Moment-resisting frame

10 LS Cp 10 LS CP
40 100 0.00 0.00 0.00 0.00 0.00 0.00
50 100 0.00 0.00 0.00 11.51 0.32 0.01
70 100 0.00 0.00 0.00 91.75 53.10 25.86
80 100 2.25 0.83 0.02 99.21 88.31 70.37
100 100 44.62 0.00 0.00 100.00 100.00 100.00
150 100 100.00 58.89 21.18 100.00 100.00 100.00
210 100 100.00 100.00 98.72 100.00 100.00 100.00
220 100 100.00 100.00 100.00 100.00 100.00 100.00

Table 6 - Quantity calculation for moment-resisting frame

Number of Cross Total Densit Total weight Total weight of
Steel section type steel section sectional area  length (k /m%l of steel used structureg(k )
used (m?) (m) & (kg) ¢
W14*53 60 0.010064 300 7849.1 23698
W21*111 70 0.021097 385 7849.1 63753 97451
W14*53 60 0.010064 300 7849.1 23698
W21*111 70 0.021097 385 7849.1 63753

Table 7 - Quantity calculation for braced frame

Number of Cross Total Densit Total weight Total weicht of
Steel section type steel section sectional area  length (k /m3}), of steel section strucrlvlreg(k )
used (m?) (m) & used(kg) &
W14%*53 60 0.010064 300 7849.1 23698
W21*111 70 0.021097 385 7849.1 63753 176439
W8*67 120 0.01271 892 7849.1 88988
W14%53 60 0.010064 300 7849.1 23698
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Performances of moment-resisting frame and braced frame under varying mean wind speeds
are compared in Table 5. According to this table, moment-resisting frame exceeds the
performance levels 10, LS and CP with 100% probability for 100 m/s mean wind speed.
Braced frame exceeds the 10 performance level with 100% probability for 150 m/s mean
wind speed, LS performance level with 100% probability for 210 m/s mean wind speed, and
CP performance level with 100% probability for 220 m/s mean wind speed. In addition, the
performance level 10, LS and CP for the moment-resisting frame is exceeded at the same
mean wind speed. This indicates that the moment resisting frame, which is addressed in this
study, performs more brittle behavior than the other structure. Finally, quantities of both
frame types were calculated in order to form an opinion in terms of cost-performance. As a
result of the quantity calculations, the total weight of the moment-resisting frame was found
to be 87451 kg, and the total weight of the braced frame was found to be 176439 kg (Tables
6-7).

The sample size-a crucial boundary condition parameter for Monte Carlo simulations-has a
significant effect on having smoother fragility curves calculated in the article. In this context,
increasing the sample size used in each fragility curve calculation would have made the
results more stable. However, in spite of this benefit, a serious drawback would have also
come to light. This drawback was that increasing the sample size would significantly increase
both the workload and the amount of time required for the fragility analyses [58]. However,
as can be understood from the title of this study, this article is actually about the comparison
of the performances of different structure types under wind load, and the fragility curves have
been used as only a tool for these comparisons. In this regard, the authors think that the
sample size used for these comparisons is sufficient for its objective. As a matter of fact, the
literature also contains several studies with smaller sample sizes than the sample size utilized
in this study.

4. CONCLUSIONS

In this study, the efficiency of of braces was investigated by comparing the fragility curves
of moment-resisting and braced frames under wind loads. As a result of these comparisons,
it has been seen that using diagonal members is of great importance in terms of improving
structural performance. At the different performance levels (10, LS, CP), the fragility curves
of the braced frame have a broader distribution feature than those of the moment resisting
frame in respect to the mean wind speed values.

In addition to all these, yielding starts and then collapse occurs in the mean wind speed range
of 40-100 m/s in the moment-resisting frame, while yielding starts and then collapse occurs
in the wind speed range of 70-220 m/s in the braced frame. Considering that hurricanes have
a variable wind speed range, it can be stated that it is more advantageous if the process
between yielding and collapse of structures takes place in a higher wind range.

When the total weight of the two frame types used is compared, it is seen that braced frames
are two times heavier than moment-resisting frames (Tables 6-7). However, the mean wind
speed required to cause heavy damage to the structural members (LS performance level) with
100% probability for the braced frame is more than twice that for the moment-resisting
frame. Similarly, the mean wind speed needed to cause collapse to the structural members
(CP performance level) with 100% certainty is over twice as high for the braced frame
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compared to the moment-resisting frame. While infrequent, these severe wind speeds have
the potential to result in significant loss of life and property. Thus, it is important to consider
these average wind speeds while designing buildings in hurricane-prone areas.

Symbols

Ky wind directionality factor
Kax topographic factor

G impact factor

GC,;  internal pressure coefficient

vV wind speed

D dead load

L live load

S snow load

E earthquake load

Syw(w) wind spectral density

C surface roughness coefficient

Vi mean wind speed at specific height
Fy gust factor

Ve Gaussian variable

ox; mean

UXi variance

P(C| IM = x) is the possibility of collapse the structure for wind speed corresponding to IM
=X

M intensity measure

0 mean fragility curve

/i standard deviation of In(IM)

z; number of occurring collapses
n; is the number of wind speed

X; is the level of intensity measure
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ABSTRACT

The strong ground motion intensity levels recorded during the February 6, 2023, Tiirkiye-
Kahramanmarag-Pazarcik earthquake (M7.8) were compared with the ones predicted by the
four ground motion models of 2014 NGA WEST-2 Ground Motion Prediction Equations
(GMPEs), and by the Turkish Earthquake Design Code (TEC, 2018). These comparisons
revealed that Adana, Malatya, and Gaziantep cities were shaken by peak ground acceleration
(PGA) levels less intense than the ones predicted by GMPEs. Contrary to these cities, ordered
from the highest to lowest positive residuals, Sanliurfa, Hatay, Kahramanmaras, and Elazig
cities were shaken by higher levels of PGA than those predicted by the GMPEs. The TEC
DD-1 and DD-2 seismic scenario PGA levels were exceeded at 5 and 22 out of 71 stations,
respectively. The residuals for the stations on the Anatolian plate side exhibited a more
correlated residual trend with the recorded PGA levels. The stations of exceeded seismic
PGA demands are site class ZC or softer. PGA levels for DD-1 were exceeded at stations in
the city of Hatay. The highest positive residual is also estimated for the Defne-Hatay station
#3135, where the most structural damage was concentrated. The spectral acceleration
residuals were also assessed. The spectral acceleration levels in all period ranges were higher
than those predicted by Abrahamson, Silva and Kamai (2014), Campbell and Bozorgnia
(2014) GMPE models. For spectral periods longer than 0.06 and 0.3 seconds, respectively,
Chiou and Youngs (2014), and Boore, Stewart, Seyhan and Atkinson (2014) medial
predictions were exceeded. Additionally, the structures with spectral periods of 0.7 seconds
and longer were estimated to be subjected to approximately 20 to 30 % higher seismic
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demands, as defined by TEC for DD-2 design basis scenario. This is listed as one of the
factors among many, contributing to the concentrated damage observed in residential
buildings with number of stories higher than 5 to 7.

Keywords: Intensity, GMPEs, Turkish Earthquake code, Kahramanmaras earthquake,
Pazarcik earthquake.

INTRODUCTION

On February 6, 2023, two earthquakes, with moment magnitudes M7.8 and M7.6, occurred
in southeastern Tiirkiye on the East Anatolian Fault Zone (EAFZ), at local times of 04:17
and 13:24, respectively. The induced damage scattered widely, affecting numerous
provinces, including Kahramanmaras, Gaziantep, Sanlwrfa, Diyarbakir, Adana, Adiyaman,
Osmaniye, Hatay, Kilis, Malatya, and Elaz1g, as shown in Figure 1.

Turkiye

;?

14 23 Elazig
Malatya ~

21
Diyarbakir
Kahrar*w(gn Maras Adiyaman
N7
7 3 53

D) Sanliurfa

Gazia;tep
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Figure 1 - The cities affected by the February 6, 2023, Tiirkiye-Kahramanmaras-Pazarcik
Earthquake M7.8

The resulting impact encompassed substantial casualties, injuries, and extensive
infrastructure devastation. Referred to as the earthquake doublet, the cumulative effect of
these events resulted in documented fatalities exceeding 50,000 in Tirkiye, and 7,200 in
Syria. Moreover, an estimated 15 million individuals were affected by these catastrophic
events. The seismic activity also reportedly led to the destruction of around 520,000
residential units in Tirkiye (Cetin et al., 2023a-b; Cetin and Ilgag, 2023).
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The second event occurred approximately 9 hours later at a focal depth of 7.0 km in
Kahramanmaras-Elbistan-Ekin6zii, 100 km north of the first event’s epicenter, on an east-
west-striking northern strand of the EAFZ: more specifically on the Siirgii-Misis fault zone
(SMFZ). Focal mechanism solutions offered by various agencies - AFAD (Disaster and
Emergency Management Presidency), CMT (The Global Centroid-Moment-Tensor), USGS
(United States Geological Survey), and GFZ (German Research Sciences for Geosciences) —
consistently suggest strike-slip faulting as the prevailing source mechanisms for both events.
This aligns harmoniously with both regional tectonics and the distinctive attributes of the
EAFZ, on which both seismic events were located.

35°

360

Figure 2 - Map of the region showing fault systems (Duman and Emre, 2013) and major
historical earthquakes (orange circles; Ambraseys, 1989) along EAFZ. Kahramanmaras-
Pazarcik earthquake ruptured the main segments of the EAFZ (magenta) and
Kahramanmarags-Elbistan-Ekinozii earthquake ruptured the Siirgii-Misis fault zone (SMFZ;
cyan). Red stars show epicenters of the events. EAFZ fault segments are labeled as AS,
Amanos; Cj, Celikhan junction; ES, Erkenek; PasS, Pazarcik;PS, Piitiirge. SMFZ segments:
CF, Cardak fault; Gb, Géksun bend; SaS, Savrun segment, and SiiF, Siirgii fault (Duman
and Emre, 2013). The triangles show the locations of the SGMSs: site class ZD: red, ZC:
orange, ZB: yellow. The overview map provided in the lower right corner illustrates the
main tectonic elements and their relative movement. Plate convergence rates are adopted
from McClusky et al. (2000). The figure is adapted from Petersen et al. (2023).
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As shown in Figure 2, the epicenter of the first event, which has a focal depth of 8.6 km, is
in Kahramanmarag-Pazarcik. Kahramanmarag-Pazarcik earthquake initiated approximately
20 km southeast of the main strand of the EAFZ along a splay fault, more specifically along
Narli fault, which is oriented in the northeast-southwest direction (Melgar et al., 2023;
Okuwaki et al., 2023, Petersen et al., 2023). The rupture nucleated on the splay fault
propagated towards the north to the main strand of the EAFZ, rupturing a series of segments
namely, Amanos, Pazarcik and Erkenek, during a multi-phased segmented rupture process
(Okuwaki et al., 2023; Zahradnik et al., 2023, Petersen et al., 2023). A series of elevated
seismic activities were recorded in the region within a period of 10 months before the events
(Kwiatek et al., 2023; Picozzi and laccarino, 2023). After the mainshock, more than 400
aftershocks with M > 5 were recorded in the period of February 6 to March 1, within 200 km
radii of the epicenter.

STRONG GROUND MOTION DATA

Available strong ground motion records within 100 km from the fault rupture were accessed
from Turkish Disaster and Emergency Management Presidency (AFAD) web portal,
accessible at https://tadas.afad.gov.tr (accessed August 2023). These strong ground motion
records were already processed by AFAD. Given the methodological similarities between
AFAD and NGA WEST-2 ground motion data processing protocols, additional signal
processing was deemed unnecessary for comparison purposes. Both protocols encompass
baseline correction, band-pass filtering, and time windowing to mitigate noise and enhance
data integrity. While AFAD's protocol is tailored for regional specifics, it shares core
principles with the ITACA protocol, including instrument response removal, baseline
adjustment, and spectral filtering (Luzi et al., 2016). For more detailed information, please
refer to the AFAD web portal (https://tadas.afad.gov.tr), the Italian Accelerometric Archive
(ITACA) (Pacor et al., 2011; Massa et al., 2010), and the Engineering Strong-Motion
Database (Luzi et al., 2016). The signal processing was performed in an automated manner,
which was further adjusted manually when needed.

The strong ground motion stations (SGMSs), located within 100 km of the fault rupture plane
(Rrp < 100 km) are shown in Figure 2. The stations outside this zone, or with invalid
recordings, were excluded from further consideration, resulting to a total number of 71
stations in the database. The applicability/validity limits of GMPEs were checked. Only
SGMS # 4404, which has a shear wave velocity measurement representing the upper 30
meters (i.e.: Vi3o) value of 1380 m/s, violated the ASK (Abrahamson, Silva and Kamai, 2014)
V30<1000 m/s requirement. Hence it was excluded for the comparisons with ASK
predictions. Among the remaining SGMSs, 51 of them have shear wave velocity (Vs)
profiles, which are also accessible at https://tadas.afad.gov.tr. Vg0 values range from 210 m/s
to 1380 m/s. For the strong ground motion stations with missing values, Vo were estimated
based on V30 model of Tiirkiye utilizing geology, topography, terrain and water saturation
levels (Okay and Ozacar, 2023). Table 1 provides a comprehensive summary of the employed
strong ground motion station characteristics, encompassing essential parameters, including
their coordinates, rupture distances, V3o values, and the recorded peak ground acceleration
(PGA) levels.
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The seismic shaking levels recorded at SGMS #3139 and # 3129 are particularly important
due to their proximity to the fault rupture plane. The locations of both stations are shown in
Figure 2. SGMS # 3139, underlain by medium stiff soil layers with a shear wave velocity
(Vs30) of 272 m/s, is in Kirikhan-Hatay. It is 300 m away from the fault rupture plane (i.e.:
Rryp =300 m), and is the nearest station, which provided a reliable set of seismograms. The
recorded PGA values in the east-west (E-W), north-south (N-S), and vertical directions (U-
D) are 0.584 g, 0.514 g, and 0.360 g, respectively. SGMS # 3129 is in Defne-Hatay, and
recorded the highest PGA levels during this event. It is a medium stiff soil site with a Vo
value of 447 m/s. The recorded PGA values in the E-W, N-S, and U-D directions are 1.125
g, 1.138 g, and 0.731 g, respectively.

COMPARATIVE ASSESSMENT OF SEISMIC INTENSITY DEMAND LEVELS

In this section, the seismic intensity predictions by 2014 NGA WEST-2 Ground Motion
Prediction Equations (GMPEs) are presented. More specifically, the predictions by ASK, CB
(Campbell and Bozorgnia, 2014), CY (Chiou and Youngs, 2014), and BSSA (Boore, Stewart,
Seyhan and Atkinson, 2014) models are compared with the recorded peak ground
acceleration (PGA) and spectral acceleration (Sa) values. Similarly, the Turkish earthquake
design code (TEC) basis intensities are comparatively presented. For comparison purposes,
residual (error) plots are prepared, and the variation of residual terms are shown with respect
to the 1) station locations, ii) distance and angular orientation relative to the fault rupture
plane, iii) V3o, iv) recorded intensity levels.

Comparisons of the Recorded vs. Predicted PGAs

PGA intensity levels are assessed by ASK, CB, CY and BSSA models. Then residuals are
estimated for each ground motion station. The residuals (R;) are defined as the difference
between the natural logarithm of the recorded and predicted intensity measures (i.e.: IMg and
IMgwmrE), as given in Equation 1:

R; = In(IMjg — In(IM;)p (1)

More specifically, in Equation 1, Rirepresents the residual for station ‘7, and the (IM;)r and
(IM;)p terms indicate the geometric mean of the recorded and predicted intensity measure at
station i. These residuals are shown against Joyner-Boore distance (Rjb), V30, recorded PGA
values, and the azimuth angle (0). The azimuth angle (0) is particularly selected to assess the
rupture directivity and/or velocity effects.

It is important to acknowledge the role of supershear effects on ground motion characteristics.
During a supershear rupture, the rupture front propagates faster than the shear wave velocity,
and this can significantly amplify ground motion intensities, particularly in the fault-parallel
direction. Hu et al. (2020) demonstrated that sustained supershear rupture tends to produce a
clear Mach cone and amplified ground motion, especially in near-fault regions, with deeper
hypocenter depths being more likely to sustain supershear rupture. Dunham & Archuleta
(2004) highlighted how supershear transients, which were observed during the 2002 Denali
earthquake, contributed to high ground motion intensities, particularly due to additional
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Rayleigh waves along the fault surface. Bouchon et al. (2000) emphasized that such rupture
dynamics, as observed in the 1999 Izmit earthquake, can lead to significantly enhanced
ground shaking, especially in the direction of rupture propagation. Additionally, Song et al.
(2008) found that supershear rupture impacts the amplitude and frequency content of ground
motion, particularly at longer periods, which are critical for assessing seismic demand.

With the intent of assessing the directivity and supershear effects on strong ground motion
records, the azimuth angle of each station is estimated. Consistent with Somerville et al.
(1997), 6 is defined as the azimuth angle between the fault plane and ray path, as illustrated
in Figure 3. Since the rupture first initiated on a splay fault (i.e.: Narli fault) in the southeast,
then continued along the EAFZ bilaterally towards the north and south, the point where
EAFZ changes strike forming a kink, is used as the modified epicenter for the calculation of
azimuth angles. The kink point, and the modified epicenter is illustrated in Figure 3 (c). In
our assessments we have assumed the distances for rupture and Joyner-Boore as identical
(i.e.: Rrp = Rjp). This assumption holds for 90° degree dipping fault rupture planes reaching
the ground surface which were both satisfied during the Pazarcik event (Giilerce et al., 2023).
Our assessments were performed on records obtained within 100 km of the fault rupture due
to significantly reduced intensities (PGA < 0.02) and widely scattered data beyond it. This
limitation should be considered when interpreting the results, particularly concerning event-
specific anelastic attenuation effects.

Anatolian plate side

Modifie

site

view

hypocenter

Plan View

Vertical

fault

Station 2711 — Plan

2023 M7.8 Tiirkiye
Kahramanmarag
Pazarcik Earthquake

Arabian plate side

—~
oo
-
—~
(=5
-
~
(e]
-

Figure 3 - Rupture directivity parameters for a strike-slip fault
(after Somerville et al., 1997)

To assess possible path effects and the interaction between Arabian and Anatolian plates,
SGMSs are binned as “on the eastern (on the Arabian plate)” and “on the western (on the
Anatolian plate)” sides of the fault rupture. This allows to assess the dependency of residuals
on SGMS’s position relative to the causative plates.

Variability in PGA Residuals with Geographical Locations

The scatter in residuals is shown with respect to the geographical location of the stations.
Figure 4 and Table 2 present the estimated residuals geographically grouped into city bins.
On Figure 4, gray dashed lines show the mean, and mean plus and minus one standard
deviation (o) residuals estimated for the overall database. Similarly, mean, and mean + ¢
residuals for each city bin, are shown in red solid lines. Circles and dots represent the
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estimated mean residuals for the stations located on the Anatolian and Arabian plates,
respectively. Table 2 presents a summary of the statistics of the residuals for each city.

The interpretation of Figure 4 and Table 2 reveals that Diyarbakir and Osmaniye cities had
the most accurate predictions across all models, with the lowest mean residuals. For the other
cities, the four GMPEs suggest that Adana, Malatya, and Gaziantep experienced PGA levels
that were less intense than those predicted by them. In contrast, ordered from the highest to
lowest positive residuals, Sanliurfa, Hatay, Kahramanmaras, and Elazig were shaken by
higher levels of PGA than those predicted by the GMPEs. Overall, Among the four GMPEs,
the BSSA model provided the least biased predictions, producing the lowest overall mean
residual. The overall mean + o residuals for the stations located east (Arabian plate side) and
west (Anatolian plate side) of the fault rupture plane are estimated as 0.20 + 0.66 and 0.14 £
0.62, respectively. Hence, stations located on the Arabian plate side of the rupture
demonstrate more pronounced overpredicted residuals, whereas those situated on the
Anatolian plate side of the fault exhibit a slightly better fit with less overpredictions by these
four models. The highest positive residual value is estimated for SGMS # 3135 in Hatay,
where intense structural damage was reported.

The observed variability in ground motion data for Hatay can be attributed to a combination
of site effects, including soil-site, basin, directivity and supershear effects, particularly those
associated with the Amik Plain basin. The larger scatter in intensity recordings is also further
influenced by the higher number of available Strong Ground Motion stations located on
variable site conditions in Hatay. In contrast, Osmaniye exhibits a smaller spread, which can
be attributed to under sampling of strong ground motion variability (i.e.: only two strong
ground motion stations) or relatively homogeneous nature of geological setting.

Table 2 - A summary of mean + o residuals estimated for each city bin

City ASK CB CYy BSSA

Sanlurfa 0.70 £ 0.10 0.71+0.19 0.66 +0.08 0.52+0.06
Adana -0.08 £0.39 -0.03 £0.39 -0.15+0.39 -0.31+04
Kahramanmaras 0.21+0.31 0.27+0.29 0.10+0.29 0.07 +0.32
Elazig 0.21+0.96 0.23+0.94 0.16 £0.95 0.02+0.95
Malatya -0.25+0.44 -0.24+£0.42 -0.31+0.44 -0.40 £0.46
Hatay 0.42 +0.61 0.48 +0.62 0.29 £ 0.61 031+0.6
Osmaniye 0.03 £0.31 0.13+£0.32 -0.04 +£0.34 -0.13+0.27
Gaziantep -0.02 +£0.50 0.00 = 0.50 -0.15+0.51 -0.13 £0.51
Diyarbakir 0.07+£0.04 0.14+0.05 -0.01 £0.01 -0.18 £0.01
OVERALL 0.17 £0.58 0.22 +0.57 0.07 £0.57 0.02+0.58
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Variability in PGA Residuals with Distances to the Rupture Plane

In Figure 5, PGA residuals are presented against Rj, distances, and SGMSs, located on the
Anatolian and Arabian plate sides of the rupture, are shown by circles and dots, respectively.
The trend lines for their residuals are shown by red and green lines, respectively. Table 3
presents a summary of mean + ¢ residuals estimated separately for three Rj, bins: less than
or equal to 10 km, in between 10 and 50 km, and greater than 50 km. Various bin thresholds
were tested to identify meaningful trends in the data. After evaluating several options, these
thresholds were selected due to their superior observed trends. These bins were also observed

to be consistent with the distance attenuation response expected during a M7.8 event.

Table 3 - A summary of mean + 1 o residuals estimated separately for three different bins:

i) Rip <10 km, ii) 10 km < Ry <50 km and iii) R > 50 km

GMPE ijf 10 km 10 km< ijf 50 km ij> 50 km
ASK 0.15+0.43 0.29 +£0.61 0.05+0.57
CB 0.18+0.42 0.35+0.63 0.1 £0.57
CY -0.02+0.44 0.19+0.6 -0.01 £0.57
BSSA 0.06 +£0.43 0.18 £0.61 -0.17 £ 0.58
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Figure 5 - PGA residuals for the four GMPEs and their distribution with respect to Rjb

distances. The dashed lines in each plot show mean #+ o limits. Separated into three
different bins: i) Rjb < 10 km, ii) 10 km< Rjb <50 km and iii) Rjb > 50 km

40




Kemal Onder CETIN, Alaa ELSAID, A. Arda OZACAR

Both Figure 5 and Table 3 reveal that the scatter in residuals increases for distances greater
than 50 km, with a standard deviation around 0.6, indicating greater variability in predictions
at longer distances. In contrast, distances less than 10 km show less scatter, with a standard
deviation around 0.4, suggesting more consistent predictions close to the fault.

Additionally, the trend lines in Figure 5 show a strong decreasing trend in residuals with
increasing Rj, for SGMSs on the Arabian plate side, particularly for stations located between
50 and 100 km. On the Anatolian plate side, the trend is very weak, with the highest residuals
found at SGMSs stations 3135, 3129, 3126, and 3125, marked as outliers in Figure 5. These
outliers are located in Hatay, where intense structural damage was observed. The differences
in residual trends emphasize the significance of path effects on the recorded intensity levels.

Variability in PGA Residuals with Vg

Vo term is commonly used as a parameter to represent the effects of site response on the
seismic demand levels. Figure 6 and Table 4 present the estimated residuals for each station
grouped in terms of their V3o values. On Figure 6, residuals are grouped into three bins,
consistent with Turkish earthquake code-based soil site classifications scheme: ZB, ZC and
ZD. 1t should be noted that TEC soil site classification scheme is almost identical with the
one of NEHRP, and groups soil sites with 180 < V30< 360, 360 < Vo< 760, and 760 < Vo
< 1500 m/s, with site class symbols of ZD, ZC and ZB, respectively. Table 4 presents a
summary of the statistics of the residuals estimated for each Vg3 bin. Interpretation of Figure
6 and Table 4 reveals that the mean PGA residuals estimated by GMPES do not vary
significantly with Vg3o. The scatter (i.e.: standard deviation) in residuals is observed to be
higher in stiffer sites ZC and ZB (i.e.: site class C and B in NEHRP), as compared to site
class ZD.

Table 4 - A summary of mean * 1 standard deviation residuals estimated separately for site
class ZB, ZC and ZD by using NGA WEST-2 GMPEs

GMPE 180 <Vs30<360m/s 360<Vs3<760m/s 760 < Vs30< 1500 m/s

Model ZD zC 7B
ASK 0.24 £0.46 0.15+0.59 0.21 £0.66
CB 0.37 £0.44 0.19 £0.59 0.13 £0.67
CYy 0.13+0.44 0.05+0.58 0.15+0.66

BSSA 0.07+0.49 0.00 £ 0.6. 0.11+£0.63

Variability in PGA Residuals with Azimuth Angle, 0

As discussed earlier, instead of the epicenter of the earthquake, the kink point of the fault
rupture on the EAFZ, is used to assess the azimuth angle, 6, of the SGMSs. Figure 7 illustrates
the dependency of the residuals on 0. An overall trend is evident across all GMPEs
considered, wherein the residuals increase with decreasing 0 angles. As the 6 angle increases,
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Residuals

Residuals
=)
i

Residuals
Residuals

150 Voo (U8) 1500 150 - 1500
s30 -

O SGMS (Anatolian plate side) =~ Mean for V;, Bins
@ SGMS (Arabian plate side) — = Mean + 1 o for Vg, Bins

Figure 6 - PGA residuals for the NGA WEST-2 GMPEs, and their distributions with
respect to VS30. The dashed lines in each plot show mean + o limits.

the scatter in residuals also decreases. In the literature, both directivity and rupture velocity
(super vs. sub shear) effects are attempted to be represented by the azimuth angle between
the fault plane and ray path rupture (Wang et al., 2016). Again, in the literature directivity
effects are commonly accepted to affect longer period intensity levels but not PGAs
(Somerville et al., 1997). Hence, the weak trend of PGA residuals increasing with decreasing
0 is preliminarily attributed to rupture shear effects (speculated as super shear) as opposed to
the directivity ones. However, this conclusion is premature and deserves further in-depth
assessments, which is not within the scope of our preliminary reconnaissance evaluations.

Moreover, Supplementary Figures S.1 through S.4 provide a detailed geographical
distribution of both the recorded PGA and the calculated residuals for each of the four GMP
models. In these figures, the numbers shown at each SGMS represent the observed PGA
value alongside the corresponding residual term, formatted as (PGA recorded, GMPE esidual). This
allows for a clear comparison between the recorded seismic activity and the predictions made
by the ground motion models, highlighting areas where the models either underpredicted or
overpredicted the actual ground motion.
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Figure 7 - PGA residuals for the NGA WEST-2 GMPEs, and their distribution with respect
to + o The dashed lines in each plot show mean + o limits

Variability in PGA Residuals with Recorded PGAs

Figure 8 presents the estimated residuals varying with the recorded PGA levels. On the same
figure the linear and nonlinear trends are shown separately for the stations located on the
Anatolian and Arabian plate sides of the rupture. Valid for all four GMPE models, residuals
increase with increasing recorded PGA levels. In simpler terms, the employed three GMPEs
overpredicted lower PGA levels and underpredicted the higher ones. The residuals for the
stations on the Anatolian plate side exhibited a more correlated residual trend with the

recorded PGA intensity levels.

Comparisons of the Recorded vs. Predicted Sa’s

The spectral acceleration (Sa) residuals were assessed consistent with Equation 1. The scatter
in residuals is shown with respect to spectral period, T, in Figure 9. On the figure, black solid
lines show the mean values. As revealed by Figure 9, ASK consistently underestimated the
spectral acceleration demand in all period ranges. CY and BSSA GMPE models
underpredicted the spectral acceleration demand for period longer than 0.2 and 0.06 seconds,
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respectively. CB GMP model has approximately residuals 0 up to a period of 0.06s afterward
the model starts to underpredict the spectral acceleration. The underpredictions and
overpredictions reach as high as 30 % in T=1 second in CY.
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Figure 8 - PGA residuals for the NGA WEST-2 GMPEs and their distribution with respect
to recorded PGAs. The dashed lines in each plot show mean #+ o limits

Comparisons of the Recorded vs. PGA and Sa Levels Recommended by Turkish
Earthquake Code

Consistent with the Turkish Earthquake Design Code (TEC), the peak ground and spectral
acceleration values were assessed for the design scenarios of DD-1 and DD-2, which
correspond to the return periods of 2475 and 475 years, respectively. These values are
compared with the recorded seismic demand levels at SGMS sites during the
Kahramanmaras-Pazarcik event. The results, as presented in Figure 10, and summarized in
Table 2, reveal that the Turkish Earthquake Design Code DD-1 and DD-2 PGA levels were
exceeded at 5 and 22, out of 71 stations, respectively. The exceedance of the design code
could be attributed to site-specific conditions including soil-site, basin, directivity and rupture
velocity effects, and the buildup of strain energies beyond design basis levels due to historical
seismic gaps in the region. The stations, where the seismic PGA demand were exceeded, are
class ZC or softer sites. PGA levels for the DD-1 seismic scenario were exceeded at SGMS
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#3135, 3125,3129, 3126, and 3141, which are all located in the city of Hatay. The extensive
structural damage levels witnessed in this city consistently supports this conclusion (Cetin et
al., 2023a; Cetin and Ilgag, 2023). On the basis of the residual trends provided in Figure 11,
structures with spectral periods of 0.7 seconds and longer, were subjected to approximately
20 to 30 % higher seismic demands than the ones defined by TEC for the DD-2 design basis
scenario. This is listed as one of the factors among many, contributing to the concentrated
damage observed in residential buildings with number of stories higher than 5 to7 (Cetin et
al., 2023a; Cetin and Ilgag, 2023). While comparisons of recorded PGA levels with design
values provide some context for the concentrated damage, it is also important to note that a
single parameter alone is not sufficient to fully assess complex structural seismic responses,
which may require multi-dimensional evaluations and involvement of experts from different
disciplines. In the literature S and peak ground velocity (PGV) are suggested as the
parameters better correlating with seismic structural performance, as they offer a more
comprehensive understanding of the damage mechanisms (Avcil et al., 2023; Pinzon et al.,
2024).
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Figure 9 - SA residuals for the NGA WEST-2 GMPEs and their distribution with respect to
spectral period (s).

Consistent with this discussion, Figure 11 represents the average spectral acceleration
residuals of all stations calculated separately for each period. However, to provide a more
detailed understanding, specific stations were selected for individual plotting on a detailed
map, rather than averaging all SGMS spectral accelerations and comparing the average with
the Turkish Earthquake Design Code. As mentioned earlier, several SGMS stations in Hatay
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were identified as outliers, specifically stations 3135, 3125, 3129, and 3126, as shown in
Figure 5. All of these stations are located on medium stiff soil, with shear wave velocities
ranging from 350 m/s to 460 m/s. SGMS #3135 in Arsuz-Hatay recorded PGA values of
0.755 g (E-W), 0.601 g (N-S), and 0.166 g (U-D). SGMS #3125 in Antakya-Hatay recorded
PGA values of 1.145 g (E-W), 0.839 g (N-S), and 1.158 g (U-D). SGMS #3129 in Defne-
Hatay, which recorded the highest PGA levels during the event, reported values of 1.125 g
(E-W), 1.138 g (N-S), and 0.731 g (U-D). SGMS #3126, also in Antakya-Hatay, recorded

PGA values of 1.049 g (E-W), 1.234 g (N-S), and 1.091 g (U-D).
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Figure 10 - PGA residuals estimated for the (a) TEC DD-1 (corresponds to a return period

of 2475 years) and (b) TEC DD-2 (corresponds to a return period of 475 years) seismic

scenario levels.

Residuals

-0.5
-1.0
-1.5
-2.0

Turkish Earthquake Code DD-1
20
1.5 ¥ Under Predicted
1.0
05 £
0.0

F Over Predicted

0.1 1 10
Period (s)

0.01

Residuals

-15

20 ¢
15 ¢
1.0 +

-2.0
0.01

Turkish Earthquake Code DD-2

Under Predicted

T=0.7s

Over Predicted

0.1 1 10
Period (s)

Figure 11 - SA residuals estimated for (a) TEC DD-1 (corresponds to a return period of
2475 years) and (b) TEC DD-2 (corresponds to a return period of 475 years) seismic

To better understand the underlying factors, elastic response spectra for these stations are
shown in Figure 12. In this figure, the observed acceleration spectra are represented by solid
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lines (black for the E-W spectral acceleration and red for the N-S), while the Turkish
Earthquake Design Code spectra are indicated with blue dashed lines (DD-1 design-based
scenario with a dashed line and DD-2 design-based scenario with a dash-dotted line). The
map shows station locations with dots representing soil site class. It can be seen from the
figure that at all four stations, the DD-2 design-based scenario was significantly exceeded.
Notably, stations 3126 and 3129 exceeded the DD-1 scenario between the periods of 0.1-
0.15 seconds, where the design spectra were approximately doubled. The significant
deviations observed in these outlier stations underscore the influence of local site conditions

and rupture dynamics on the seismic demands recorded in Hatay.
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Figure 12 - Elastic response spectra for 3125, 3126, 3129 and 3135 SGM stations plotted
on a map in relation to Turkish Earthquake Design Code.

SUMMARY AND CONCLUSION

This manuscript presents the findings of preliminary evaluations, which aim to comparatively
assess the recorded spectral acceleration intensity levels during the February 6, 2023 Tiirkiye-
Kahramanmarag-Pazarcik earthquake, M7.8, with the ones i) predicted by four ground
motion models from the 2014 NGA WEST-2 Ground Motion Prediction Equations
(GMPEs): ASK, CB, CY, and BSSA.and ii) reccommended by the Turkish Earthquake Design
Code (TEC) for return periods of 475 and 2475 years.

Across all models, the most accurate predictions were made for the cities of Diyarbakir and
Osmaniye. The cities of Adana, Malatya, and Gaziantep were shaken by PGA levels less
intense than those predicted by the GMPEs. Contrary to these cities, ordered from the highest
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to lowest positive residuals, Sanlurfa, Hatay, Kahramanmaras, and Elazig were shaken by
higher levels of PGA than what were predicted by the GMPEs. In the overall, among others,
BSSA model provided the least unbiased predictions, producing the lowest overall mean
residual. The overall mean + o residuals for the stations located on the east (Arabic plate
side) and west (Anatolian plate side) of the fault rupture plane are estimated as 0.20 + 0.66
and 0.14 + 0.62, respectively. Hence, stations located on the Arabian plate side of the rupture
are concluded to demonstrate more pronounced overpredicted residuals, whereas those
situated on the Anatolian plate side of the fault exhibit a slightly better fit with less
overprediction by the four GMPE models. The highest positive residual value is estimated
for SGMS # 3135 in Hatay, where the most structural damage was concentrated.

The PGA residuals exhibited trends suggesting a strong decreasing trend in residuals with
increasing Rj, for SGMSs on the Arabian plate side, particularly for stations located between
50 and 100 km. On the Anatolian plate side, the trend is very weak, with the highest residuals
found at SGMSs stations 3135, 3129, 3126, and 3125, marked as outliers in Figure 5. These
outliers are located in Hatay, where intense structural damage was observed.

In general, PGA residuals are observed to decrease with increasing rupture distances. The
mean residuals among different GMPEs do not vary significantly with Vs3o. The scatter (i.e.:
standard deviation) in residuals, though, is observed to be the highest for site class ZC (i.e.:
site class C in NEHRP). Valid for all four GMPE models, the PGA residuals increase with
increasing recorded PGA levels. In simpler terms, the employed four GMPEs overpredicted
lower PGA levels and underpredicted the higher ones. The residuals for the stations on the
Anatolian plate side exhibited a more correlated residual trend with the recorded PGA levels.
The dependency of the residuals on azitmuth angle, 6, was also assessed. An overall trend is
evident across all GMPEs considered, wherein the residuals increase with lower 0 angles,
and as the 0 angle increases, the residual PGAs decrease, and the scatter is reduced.

The spectral acceleration residuals were also assessed. The spectral acceleration demand
across all period ranges was underestimated by ASK GMPE model. The CY and BSSA
models provided underpredicted spectral intensities for periods longer than 0.2 and 0.06
seconds, respectively. The CB GMPE model had near-zero residuals up to 0.06 seconds, but
underpredicted spectral acceleration values beyond it. The magnitude of underpredictions
reach as high as 30 % at T=1 second for the predictions by CY.

The peak ground and spectral acceleration values were assessed for the Turkish Earthquake
Design Code seismic scenarios of DD-1 and DD-2, which correspond to return periods of
2475 and 475 years, respectively. DD-1 and DD-2 PGA levels were exceeded at 5 and 22 out
of 71 stations, respectively. The stations, where the seismic PGA demand was exceeded are
all site class ZC or softer sites. PGA levels for the DD-1 seismic scenario were exceeded at
stations 3135, 3125, 3129, 3126, and 3141, which are in all located in the city of Hatay. This
is listed as one of the factors among many, contributing to the concentrated damage observed
in Hatay City (Cetin et al., 2023a; Cetin and Ilgag, 2023). While comparisons of recorded
strong ground motion intensity levels with design values provide some context for assessing
the observed damage levels, it is not sufficient to fully understand the underlying list of other
factors. It is important to note that the structural seismic performance assessments require
complex, multi-dimensional evaluations, and the involvement of engineering experts from a
wide range of disciplines. Moreover, there may be other seismic demand parameters such as
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PGV, which may correlate better with structural performance than PGA or Sa parameters.
Hence, over-generalizations of our preliminary conclusions are discouraged.
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Moment Aktaran Kaynakh Birlesimlerde Kullanilan
Kaynak Yontemlerinin Birlesim Performansina Etkisi

Hiidai KAYA™
Barlas Ozden CAGLAYAN?

(074

Ozellikle moment aktaran yiiksek siinek yapisal gelik gergevelerde hedeflenen enerji soniim
seviyelerine ulasilabilmesi, birlesimi olusturan tiim elemanlarin tasarlandigi sekilde
calismalari ile miimkiindiir. Bu aragtirmaya konu olan deneysel ¢alisma, iilkemizde yapisal
celik sektoriinde ¢ogunlukla tercih edilen ii¢ farkli kaynak yontemi tizerinde yapilmis ve
yapisal celik tasarim, imalat ve montaj konularinda calisan tiim meslektaslarimiz igin
halihazirdaki gri alanlarin azaltilmasina yonelik bir farkindalik olusturmak amaci ile
gerceklestirilmistir. Iki farkli boyda iiger numuneden toplamda 18 adet tam 6lgekli numune
testini takiben mevcut yonetmeligin ilgili tanim ve sartlarinda iyilestirmeler ve degisiklikler
yapilmasini isaret eden sonuglar elde edilmis bu anlamda daha ileri seviyede arastirma
yapilmasinin gereklilik oldugu kanaatine varilmastir.

Anahtar Kelimeler: Yapisal gelik, kaynak, siineklik, tam 6lgekli test, moment aktaran
cerceve, deprem, tekrarl yilikleme.

ABSTRACT

Influence of Welding Methods on the Performance of Welded Moment Frame
Connections

Achieving the targeted levels of energy dissipation, especially in ductile structural steel
moment frames, is possible by ensuring that all components forming the assembly function
as designed. The experimental study discussed in this research was conducted on three
different welding methods, which are widely preferred in the structural steel sector in
Tiirkiye. The aim was to create awareness and reduce existing uncertainties for all our
colleagues working in structural steel design, manufacturing, and assembly. Following the
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testing of 18 full-scale specimens, improvements and changes were indicated in the relevant
definitions and conditions of the existing regulations, suggesting the necessity for further
advanced research in this regard.

Keywords: Structural steel, weld, ductility, full scale test, moment frame, earthquake, cyclic
loading.

1. GIRIS

Kaynak teknolojisindeki gelismelerle birlikte bulon ve pergine gore daha hizli ve ekonomik
bir birlesim araci olmasi sebebi ile kaynagin giiniimiizde yapisal celik sistemlerde diger iki
birlesim elemanina gore daha ¢ok tercih edildigini gérmekteyiz. Ancak kullanilan metot,
detay, imalat ve montaj teknikleri ile ¢evresel sartlar sebebi ile olusan veya siireksizlik,
catlak, artik gerilme y1g1lmalar1, mekanik veya metaliirjik kusurlar gibi birakilan hasar sebebi
ile ilgili elemanin tasarlanan tagima giiciline, enerji yutabilme ve plastik mafsal olusturabilme
yetenegine ulasmadan yerel ya da tamamen goctiigii diger bir degisle sihirli ve miitkemmel
bir birlesim araci olmadig1 defalarca ispatlanmis ve tecriibe edilmistir.

Stinek yap1 kabuliiniin tek bagina ve miinferiden kolon ve kiris olarak ilgili yap1 eleman1 veya
elemanlarmin siinek olma o6zelligi ile veya tasarimda kabul edilen parametreler ile
saglanamayacagi 1994 yilinda A.B.D. Northridge bélgesinde meydana gelen ve sadece 10 sn
siiren 6,7 blyilikligiindeki deprem ile ortaya ¢ikmustir. Depremin hemen sonrasindaki ilk
kontrollerde gelik yapilarda 6nemli bir hasar olugsmadigi izlemini olmus ancak o donemdeki
yap1 yonetmeligi dogrultusunda yaygin olarak kullanilan kolon-kiris birlesimlerinin 6zellikle
kiris bagliklarin1 kolon bagligina baglayan kaynak dikisleri civarinda catlaklar olustugu
gozlenmis ve Northridge depremi dncesi bir ¢ok deneysel ve analitik ¢alismalar sonucu kabul
gorerek tasarim yonetmeliklerine giren ve kullanilmasi 6nerilen bu birlesim detayi, deprem
sonrasinda yayinlanan acil bir raporla, yonetmeliklerden cikarilmistir [1].

Ulkemizde yapilmakta olan yapisal celik yapilarin birlesim detay imalatlarinda agirlikli
olarak 3 tip kaynak yontemi kullanilmakta, proje 6zel sartnamesi dogrultusunda da bu kaynak
yontemlerinin alt parametreleri tayin edilmektedir. S6z konusu yontemlerin ve bunlarin alt
parametrelerinin se¢imi, ilgili kaynak niifuziyetini ve siinekligini tayin edeceginden,
dogrudan birlesimin siinekligini ve diisiik ¢evrimli yorulma omriinii etkilemektedir. Bu
sebeple siinek bir birlesimden bahsediliyorsa sadece o birlesimde bir araya gelen elemanlarin
siinekligi degil, bir biitiin olarak birlesimin siinekliginden bahsedilme zorunlulugu ve
gerekligi sebebi ile kolon ve kirisin disinda ilgili birlesimde yer alan kaynagin da birlesimin
bir eleman olarak kabul edilerek tayini, tasarimi ve teskili 6nem tasimaktadir.

Kaynak metodu ve alt sinifinin se¢imi ¢ogu kez atdlyenin inisiyatifine birakilmakla birlikte,
nadiren ve dzellik teskil eden bazi yapilar i¢in proje 6zel teknik sartnamesinin bir alt baslig:
olarak yapisal ¢elik proje miiellifi tarafindan tayin edilmektedir.

Atolye inisiyatifine birakilan kaynaklarda ise atdlyenin, miihendislik detaymin
gereksinimlerinden bihaber olarak, maliyet merkezli, minimum malzeme bedeli, minimum
is¢ilik ile maksimum is prensibi dogrultusunda se¢im yapilmasini beklemek hi¢ de zor
degildir.
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Bu arastirma igin 2018 yili Tiirkiye Bina Deprem Yonetmeligi [2] kapsaminda “Tam
Dayanimli Bulonlu Alin levhali Birlesimler” Madde 9B.2° de yer alan rijitlik levhasiz, 4
bulonlu, alin levhali birlesim referans alinarak test numuneleri tiretilmis, iki farkli boyda, her
boy ve her kaynak tipi i¢in 3’er numune olmak tiizere toplam 18 adet numune test edilmistir.
Numunelerin {iretimi i¢in kullanilan kaynak metotlarina ait detaylar “Test Planlamas1”
baslig altindaki ikinci boliimde verilmistir.

Arastirma kapsaminda yapilan literatiir incelemesi sirasinda, bir birlesim elemani olarak
kullanilan kaynak metoduna veya kaynak metodunun performansina ait bir caligmaya
rastlanmamustir.

Konu ¢evresinde yapilan arastirmalar tipik olarak; kaynak erisim deliginin geometrisi ve
boyutu, panel bolgesinin deformasyon kontrolii, kiris govde kaynagmin birlesim
performansina katkisi ve bunlarin inelastik performans tizerindeki katkilari [3], farkli gerilme
hizlar1 altinda kiit ve kdse kaynaklarin dinamik davraniglari [4], S355 yap1 ¢eliginin HAZ ve
kaynak metali bolgelerinin muhtelif gerilme hizlarinda yar1 statik ve dinamik ¢ekme testleri
altindaki davranislar1 [5], moment cergevesinde yer alan kirigin basliklarindaki tek
berkitmenin plastik donmeye katkisi [6], kaynakli moment g¢ercevelerinde et kalinligi
yoniinden kolon flansinin yiiksek 1s1 girisli kaynak altinda yiiksek gerilme hizlari ile kolon
flangindaki ii¢ eksenli gerilme durumu [7], moment gerg¢evelerinde kaynakli kolon kirs
birlesimlerinin ¢elik smnifi, yiikleme hizi, kdse kaynak, tek ve ¢ift egimli diiz kaynaklar
acisindan monolitik ve g¢evrimsel yiikleme altindaki davraniglart [8], 1994 Northridge
depremi sonrast kaynakli moment gergevelerin sismik performanslarinin yiikseltilmesi ve
iyilestirilmesi [ 1], moment ¢ercevelerinde yer alan kaynakli kolon kiris birlesimlerinin farkli
kirig flans berkitme plakalari ile davraniglart [9], moment baglantilarinin mukavemetini ve
stinekligini etkileyen kaynak metali kirilma toklugu, kaynak erisim deliginin geometrisi ve
boyutu ile panel bolgesi deformasyon kontrolii [10], 1994 Northridge ve 1995 Hyogoken-
Nanbu depremleri sonrasinda Amerika ve Japonya’daki mevcut moment gergeveli yapilarin
hasarlarinin gozden gecirilmesi ve karsilastirmasi [11], moment c¢ergevelerinde kaynakli
flang baglantili kirislerin inelastik davraniglart ve siireklilik plakalarmin etkinligi [12], 1994
Northridge depremi sonrasi kaynakli baglantilarin kirllgan hasarlarinin incelenmesi ve
stinekligin artirilmasi [13] konularinda yogunlasmus, ilgili sayisal ve deneysel ¢aligmalara ait
yaynlar incelenmistir.

Uretilen tiim numuneler icin ilgili imalat standardi [14] dogrultusunda imalat 6ncesinde,
imalat sirasinda ve sonrasinda atolye, is¢ilik ve malzeme sertifikasyonlari, gekme, kimyasal
kompozisyon, sertlik, kaynak pasolar1 arasi sicaklik, ¢atlak kontrol, niifuziyet ve kaynak
hatalarma kars1 radyografi testleri iceren kalite kontrol testleri akredite bir laboratuvar,
sertifikali ekipman ve lisansli inspektorler araciligi ile yapilmis, kayda alinmistir

Her ii¢ grup test numunesi i¢in FEMA350/SAC2000 [15] yiikleme protokolii kullanilmus,
elde edilen sonuglar karsilagtirmal1 olarak irdelenmistir.

1.1. Kaynak ve Kaynak Metotlar:

iki veya daha fazla parcani 1s1, basing veya her ikisi birden kullamilarak birlestirilmesi
islemine kaynak adi verilmektedir. Bu, metal ve metal dis1 tiim malzemeleri kapsayan
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oldukc¢a genis bir tanim olup bu ¢ercevede onlarca farkli yontem ve usulde kaynak islemi
miimkiindiir.

Yapisal celik mithendisligi a¢isindan yaklagilacak olursa, iilkemizdeki imalat ve montajlarda
asagida kisa tanimlar1 verilen ii¢ ana tip kaynak yontemi kullanilmaktadir.

a) Gazalt1 Ark Kaynagi

Gaz Metal Ark Kaynagi / Gas Metal Arc Welding / Metal Inert Gas (GMAW/MIG),
kaplamasiz siirekli bir tel elektrod ile ana metal malzeme (is pargasi) arasinda koruyucu gaz
altinda elektrik arki olusturularak ana malzemenin eriyip birlesmesini saglayan bir kaynak
yontemidir. Kaynak banyosunun igerisinde kullanilan elektrod da ergimis olarak yer alir.
Koruyucu atmosfer olarak asal veya yar1 asal gazlar kullanilmaktadir.

Koruyucu atmosfer olarak Argon (Ar), Helyum (He) gibi soygazlarm kullanilmasi
durumunda yontem ad1 MIG, CO, gibi aktif gaz veya CO,»-Ar, CO,-Ar-O> gibi karisim gazlar
kullanilmasi halinde yontem Metal Aktif Gaz / MAG olarak adlandirilir.

Gaz alt1 kaynag1 ana bashigi altinda bir baska bir yontem de Ozlii Tel Ark Kaynag: / Flux
Cored Arc Welding (FCAW) olarak adlandirilan ve kullanilan tel disinda diger tiim
ozellikleri MIG ile ayni1 olan bir kaynak yontemidir. Kullanilan telin i¢i dolgulu olup MIG
yontemine gore tek pasoda daha fazla kaynak dolgusu birakir. Kaynak banyosuna sagladigi
enerji girisi daha yiiksektir. Teknik olarak ayni gazlar, koruyucu atmosfer olarak
kullanilabilir. Alternatif olarak, atmosferik korumaya ihtiya¢ duymayan kendinden korumali
FCAW-S tipi tel kullanimi da mevcuttur.

Yine gazalti kaynagi ana bashigi altina degerlendirilebilecek diger bir yontem de Gaz
Tungsten Ark Kaynagi / Gas Tunsten Arc Welding (GTAW) veya Tunsten Inert Gas (TIG)
olarak adlandirilan ve ince et kalinliklari, paslanmaz gelik ve demir dig1 metal kaynaklarinda
tercih edilen kaynak tiirtidiir. Burada elektrod olarak tungsten, koruyucu atmosfer olarak ise
Argon veya Helyum gibi asal gaz kullanilir. GMAW ydnteminin aksine tungsten elektrod
kaynak banyosu icerisine dahil olmaz. Kaynak banyosuna enerji girdisi daha diistiktiir.
Isciligi diger yontemlere gore daha fazla zen ve hassasiyet ister.

Teknigi geregi sogukta sekil verilmis ince cidarli ¢elik eleman, ince et kalinlikli boru, kutu
veya paslanmaz gelik imalatlarinda kullanilmaktadir.

b) Ortiilii Elektrod Ark Kaynagi

Giiniimiizde Ortiilii Metal Ark Kaynag1 / Shielded Metal Arc Welding (SMAW) ismi ile
literatiire gegen ve Elektrik Kaynagi, Elektrod Kaynagi gibi kisaltilmis isimler ile kullanilan
kaynak yonteminde, kaynak dikisinin mekanik parametrelerini iyilestirmek amaciyla
kullanilan bir ortii tabakas1 gubuk elektrod pargasi iizerinde sarma, daldirma veya giiniimiiz
teknolojisinde daha ¢ok tercih edilen ekstriizyon teknigi ile kaplanmis olarak
kullaniimaktadir.

Elektrik enerjisi kullanilarak ana metal ile elektrod arsinda ark olusturularak yogun bir 1s1
transferi ile ergitilmis olan ana metale kaynak banyosuna elektrod da eriyerek dahil
olmaktadir.

Kaynak banyosunun fiziksel ve mekanik 6zellikleri, ortii cinsine bagli olarak degismektedir.
Kaynak dikisinin ana metal igerisine yapacagi niifuziyet derinligi, kirilma toklugu, gentik
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darbe mukavemeti, akma ve kopma mukavemetleri, yigilan kaynak metali miktari, birlesime
etki eden enerji miktari, kaynak dikisinin fiziksel goriiniimii gibi bir¢cok husus ortii
bilesiminin etkisi altindadir.

Ortilyii meydana getiren maddeleri birer baslik olarak gérmek, értiiniin kaynak banyosuna
yukarida sayilan fiziki ve mekanik etkileri nasil olusturdugu hakkinda fikir vermesi agisindan
6nemlidir.

1. Curuf teskil eden maddeler
A. Karbonatlar
B. Silikatlar
C. Oksitler

Arki stabilize eden maddeler

2.

3. Gaz atmosferi meydana getiren maddeler
4. Ekstriizyon islemini kolaylastirict maddeler
5.

Deoksidasyon ve alagim maddeleri

Yukarida ana basliklar olarak verilen element ve bilesiklerin farkli oranlarda kullanilmasi ile
oOrtliniin karakteri degistirilerek elektrodun kaynak banyosuna fiziki ve mekanik katkist
belirlenmekte, rutil, bazik, asit, oksit, zirkon bazik, seliilozik karakterli ortiilii elektrodlar bu
iretimleri bu sekilde gergeklestirilmektedir.

c¢) Tozalt1 Ark Kaynagi

Tozalt1 ark kaynak / Submerged Arc Welding (SAW) yontemi teknigi bakimindan gazalti ark
kaynagina benzer olup koruyucu atmosfer gaz yerine ortiilii elektrodun manto/ortii tabakasini
olusturan maddelerden teskil toz graniil (flux) ortii malzemesi kaynak banyosu iizerine
kaynak arki olusmadan 6nce serilmeye baslar. Arki olusturan ve eriyerek kaynak banyosu
icerisine dahil olan elektrod bu graniil 6rtii tabakasi altinda atmosferik etkilerden uzak olarak
calisir. Graniil 6rtiiniin bir kismi, kaynak iglemi sirasinda olusan 1s1 sebebi ile ortiilii elektrod
ark kaynaginda oldugu gibi ciiruf olarak katilagir. Reaksiyona girmeyen ve toz halini koruyan
ortli malzemesi ise vakumlu bir ug tarafindan toplanir.

Gazalt1 ark kaynagindan diger bir farki da kullanilan elektrod ¢apinin gazalti tekniginde
kullanilanlara gore daha yiiksek olmasidir. Boylelikle kaynak metali yigilmasi daha fazla,
yapilan ige oran ile is parcasina girdi olarak verilen enerjiye daha az olmaktadir.

Yapisal celik imalatlarinda tercih edilen ve yukarida 6zet olarak agiklanan bu yontemlerin
ilgili proje i¢in hangisinin veya hangilerinin tercih edilecegi projenin detayina, mithendislik
ihtiyacina, imalat ve montaj sartlarina ve atmosferik sartlara baglidir. Bu hususlar bir biitiin
olarak degerlendirilip uygun yontem, uygulamadaki avantaj ve dezavantajlar1 gbz Oniinde
bulundurularak tayin edilmelidir.

1.2. Kaynaklanabilirlik

Kaynak kullanilarak yapilan imalat veya birlesimin giivenligi, kalitesi ve dmrii tek basina ne
secilen kaynak yontemine ne de kaynak metalinin tiiriine baglidir. Bu noktada birgok
parametre, yapilan birlesimin kalitesini, emniyetini ve Omriinii belirlemektedir. Ancak

57



Moment Aktaran Kaynakl Birlesimlerde Kullanilan Kaynak Yontemlerinin Birlegim ...

bunlarin arasinda, birlestirilen ana malzemelerin ergime noktasina kadar ¢ikarilip nispeten
kisa bir siirede sogutuldugu bir 1s1l islem olmasi sebebi ile sicakligin dagilimi ve degisimi
ana parametre olarak 6ne ¢ikmaktadir.

Bu aralikta kisa siirede degisen sicaklik ana metalde i¢ yap1 degisikliklerine neden oldugu
gibi bu ortamda bir araya gelen kaynak metali (elektrod), varsa ciiruf, ana metal ve atmosfer
arasinda bazi kimyasal ve metalurjik reaksiyonlar meydana gelir.

Kaynak islemi sirasinda olusan elektrik arki sebebi ile kaynak metali ile ana metal eriyerek
olusan eriyik banyosunda (kaynak banyosu) karisirlar. Bu islem sirasinda ana malzemenin
kaynak dikisi bolgesine komsu kisimlarinda kaynak banyosu eriyik sicakligi ile atmosferik
sicakligi kadar degisen sicakliklarda bir gecis bolgesi olusur. Bu bolgeye “Is1 Tesiri Altindaki
Bolge (ITAB) / Heat Affected Zone (HAZ)” ismi verilir.

Kaynak bolgesindeki 1s1 dagilimi1 ve ana metal yapisindaki degisimi gosteren karakteristik
grafik Sekil 1.1°de gosterilmistir.

o
Em Flizyon bolgesi
Q
a Yaklagik 1.500 C°
iri daneli bslge
\Yaklasik 1.100 C° . o
Kolaylikla hasar Ince daneli blge
drebilen kiril, i o e
f;)ar; ilen kirilgan \ : Nklaslk 900 C iki fazli bolge
i i N\ Yaklagik 700 C° , o
T T I S
1 H
1 H |
i i
Kaynak metali '
ynak metalt / Ist tesiri altindaki bolge (ITAB) ! Isidan etkilenmeyen bslge
Fiizyon hatt:

Ana metal

Sekil 1.1 - Ergime ve 1s1 tesiri altindaki bolge [16].

Sekil 1.2 - Tek ve ¢cok pasolu kaynakta ITAB ve ergime bélgesi.
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Ergime bolgesi kaynak metali ve ana metalin karisimidan olusur. Tek pasolu kaynak
dikislerinde bu karigim olduk¢a homojen bir bilesim gdsterir. Ancak ¢ok pasolu kaynaklarda
her pasonun ana metal ile karigma oran1 farklidir (Sekil 1.2). Hatta belirli et kalinliklarindan
sonra i¢ pasolarda ana metale rastlanmayabilir. Ergime bdlgesindeki ana metalin kaynak
metaline orani, uygulanan kaynak yontemi, paso sayist ve aktarilan enerjiye gore genis bir
aralik icerisinde degisir.

Kaynak sirasinda birgok alasim elementleri kayba ugrar. Bu kayiplar1 azaltmak ve kaynak
bolgesinin fiziki, kimyasal ve metalurjik yapisini iyilestirmek i¢in bu bdlge kaynak aninda
atmosferik etkilerden korunur.

Sivi haldeki kaynak banyosu igerisinde atomlar serbest haldedirler. Sicaklik metal veya
alasimin katilagma noktasina dogru diistiikge, atomlar kristal kafesleri meydana getirmek
iizere birlesmeleri ile ¢ekirdek olusumu baslar. Soguma devam ettik¢e ¢ekirdekler daneleri
olusturmak iizere yeni atom ve kristal kafesleri ile biiylimeye devam eder. Katilasma aninda
ortaya c¢ikan ergime 1s1s1 dogal soguma 1sisin1 etkileyerek danelerin fazla biiylimesini 6nler.
Kaynak sirasinda 1sinin biiytlik kismi ergime bolgesinden kondiiksiyonla ana metale iletilir.
Bu nedenle soguma yoniine paralel oldukga biiyiik silindirik daneler olugur. Kaynak sirasinda
1s1 girdisinin artmasi, parcanin yiiksek sicaklikta daha uzun siire tutulmasi, 6n tav
uygulanmasi ergime bdlgesinde danelerin irilesmesine neden olur. Tam ters olarak, kaynak
bolgesinde sogutma hizinin artmasi dane yapisiin incelmesine sebep olur. Bu durum ise
gevrek ve kirilgan bir yap1 olusumuna sebep olacagi igin arzu edilmez.

ITAB’ da ortaya ¢ikan i¢ yapisal degisiklikler, ulagilan sicakligin fonksiyonu olarak ana
metalin tiirline, bilesimine, kalinligina, 1s1l islem ve iiretim siirecine bagli olarak oldukca
cesitlidir. Ana metal olarak geligin igerdigi karbon ve diger alasim elementleri kaynak
metalinin sertligini ve sertlesebilme yetenegini dolayisiyla uygulanmasi gereken on tav
sicakligin1 etkiler. Sertlik genel bir ifade ile c¢eligin icerdigi karbon miktarinin bir
fonksiyonudur. Sertlesebilme yetenegi ise ¢eligin ostenit bolgesinden itibaren ani olarak
sogutulmasi sonucu ortaya ¢ikan martenzitik yapinin olusma kolayliginin bir dl¢iisiidiir.

Sertlesebilme yetenegi diisiik olan celiklerin martenzit yap1 olusturabilmeleri igin kaynak
islemi sonrasinda ¢ok hizli bir sekilde sogutulmalar1 gerekir. Sertlesebilme yetenegi yiiksek
gelikler ise kaynak sonrasinda ¢ok yavas bir sekilde sogutulmalari halinde bile sert
martenzitik yap1 olustururlar. Bu agidan bakildiginda sertlesebilme kabiliyeti, ¢eligin kaynak
sonrast kaynak bolgesinde gosterecegi sertligin bir bakima dlgiisiidiir.

Sicaklik degisiminin ve degisim hizinin yapr igerisinde sebebiyet verdigi degisikliklere ait
daha fazla detay, profesyonel olarak yapi miihendisligi alani disinda oldugundan bu
calismada bu noktadan daha ileri bir detay seviyesine girilmeyecektir. “Demir Karbon Denge
Diyagrami1” igerigi ve detaylari i¢in ¢esitli referans kaynaklar mevcuttur [19].

Ismnin tesiri altindaki bolgede yukarida anlatilan nedenlerle sert ve kirilgan bir yapinin ortaya
cikmasi, yapi icerisinde catlaklarin olusmasina neden olmaktadir. Gevreklesen kaynak
bolgesinde kaynaktan sonra ortaya cikan i¢ gerilmelerin, dig yikler altinda olusan
gerilmelerin ve kaynak banyosundan yayilan hidrojenin etkilerinin bir araya gelmesi ile
kontrolsiiz bir sekilde kilcal gatlaklar olusmakta, statik veya degisken dis yiikler sebebi ile
bu ¢atlaklar ani kirilmalara sebep olmaktadir.
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Kaynak bolgesindeki sicaklik dagilimmi ve degisimini matematiksel olarak formiile etmek
oldukca gii¢ olmakla birlikte Rosenthal ve Rykalin tarafindan belirli yakinsamalar ile kabul
edilebilir sonuglar alinmistir. Ancak uygulamada daha pratik bir yontem olarak “Karbon
Esdegeri” yontemi gelistirilmistir.

Karbon ve manganez geligin sertlesme egilimini ve ¢atlak olusum olasiligin arttirdigindan

birgok sartnamede yapisal g¢elik olarak kullanilabilecek ¢elikler igin bu iki elementin
miktarlart sinirlandirilmastir.

Karbon esdegeri biiyiidiik¢e kaynaktan sonra sogumanin yavaglatilmasi gerekmektedir. Bu
amagla pargaya kaynaktan dnce on tavlama uygulanarak soguma hizi yavaslatilmaktadir.

Uygulamada en fazla tercih edilen amprik karbon esdeger formiilleri agsagida verilmistir;

Dearden ve Neill formiilii

Cop=C+EEL I L0 Ho 7 (1.1)
6 15 5 4 5

Kihara, Suzuki Otani ve Tamura formiilii

CES=C+ nyStyMy Moy (1.2)

Fransiz Ulusal Demiryolu sirketinin kullandig1 formiil

CESZC+E+E+E+C—u+@+N—i (1.3)
6 2 5 13 4 15

Uluslararas1 Kaynak Enstitiisii’niin kullandig1 formiil

Cs=CH+o+T+2+2+2 4+ (14)

Goriilecegi gibi yukaridaki biitiin formiillerde karbon ve mangan haricindeki tiim
elementlerin katkilar1 farkli degerlendirilmektedir. Bu da yukarida bahsedilen karbon ve
mangan igeriginin kisitlanmasi konusunu agiklamaktadir.

Is1 tesiri altindaki bolge sertligi icin Uluslararasi Kaynak Enstitiisii’niin tavsiyesi
350 Vickers’i agmamas1 yoniindedir. Bu amagla yukarida agiklandigi {izere soguma hizi
kontrol altinda tutulmali, ¢ok pasolu kaynaklarda pasolar arasi sicaklik kontrol edilmelidir.

Karbon esdegerine gore yapi celiklerinde uygulanacak 6n tavlama sicakliklarma ait bilgiler
literatiirde mevcuttur [16].

Celiklerin kaynaklanabilirligini etkileyen diger bir faktdr de ¢elik iiretimi sirasinda yapilan
gaz giderme islemidir. Baz1 liretim usullerinde ¢elikte segregasyon bolgesinde fosfor (P) ve
kiikiirt (S) toplanir. Ingotun haddelenmesi veya doviilmesi bu segregasyon bdlgelerini yok
etmez ve bunlar profil haddesi sirasinda profilin boyun bolgelerinde kalir. Profil enkesitinin
kaynaklanmasi gereken durumlarda boyun bolgelerinde biriken fosfor ve kiikiirt kaynak
banyosuna karisarak gozenek ve c¢atlak olusumuna sebep olur. Giiniimiiz imalat
sartnamelerinde bu tip enkesit kaynaklarinda “Kaynak Erisim Deligi” olarak belirli formlarda
kesim yapilip bu bélgenin uzaklastirilmasinin sebeplerinden biri de budur [16], [17].
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2. TEST PLANLAMASI

S6z konusu arastirma kapsaminda ulusal ve uluslararasi standartlar uyarinca iilkemizde
faaliyet gosteren sertifikali yapisal celik atdlyelerinde, proje sartnamesine, imalat1 yapilan
detaya ve eleman geometrisine bagli olarak gazalti ark kaynagi (GMAW)), ortiilii elektrod ark
kaynagi (SMAW), siirekli ve boy kaynaklarinda ise tozalt1 ark kaynagi (SAW) olmak iizere
ti¢ tip ana kaynak metodu kullanildig1 gézlemlenmistir.

Bu dogrultuda, iki farkli agikliga sahip test kirisi ve detaya uygun ii¢ kaynak yontemi igin
FEMA350/SAC2000 yiikleme protokolii (Sekil 2.1) uygulanacak siineklik testlerine ait 18
adet tam Sl¢ekli numune imalati planlanmistir. Numune setinin imalatlarinda teste muhatap
kiris alin levhasi kaynaklaria ait ydontem detaylar1 asagida paylagilmistir.

Birinci grup numuneler; GMAW metodu ile TS EN ISO 14341-A ile
AWS A5.18 Standartlarina uygun ve sirasiyla G 42 3 C G4Si1/G42 3 M G4 Sil ve ER70S6
siniflarinda, Akma Dayanimi 470 MPa, Cekme Dayanimi 570 MPa, Centik Darbe Dayanimi1
-30 °C’ de 60 J olan bakir kapli yiiksek manganli kaynak teli ve koruma gazi olarak da
%100 CO; kullanilan alin levhali kaynakli kirislerden,

Ikinci grup numuneler; SMAW metodu ile TS EN ISO 2560-A ile AWS A5.1 Standartlarina
uygun ve sirastyla E 46 B32 H5, E7018-1 H4 siniflarinda, Akma Dayanimi 480 MPa, Cekme
Dayanimi 580 MPa, Centik Darbe Dayanimi -20°C’ de 180 J, -50 °C’ de 120 J olan bazik
karakterli bir elektrod kullanilan alin levhali kaynakli kiriglerden,

Uciincii grup numuneler ise; GMAW metodu ile TS EN ISO 17632-A ile
AWS SFA — 5.20 Standartlarina uygun ve sirasiyla T46 2 P C 1 ve E71T-1C smuflarinda,
Akma Dayanimi 500 MPa, Cekme Dayanimi 560 MPa, Centik Darbe Dayanimi -20 °C’ de
70 J olan rutil 6zli, bakir kapl kaynak teli ve koruma gazi olarak da %20 CO, + %78-79
Argon karigimi kullanilan alin levhali kaynakli kirislerden imal edilmistir.

2.1. Numune Tasarmmi

Kiris kesiti olarak IPE270 S275JR secilmis rijitlik levhasiz, dort bulonlu, alin levhali birlesim
detayi referans alinmistir. Test diizenegi bu dogrultuda tasarlanmis ve boyutlandirilmistir.

Kat Oteleme Orani

- (%) Tekrar Sayisi
| 2 g. La 0,375 6
- Lt 0,500 6
= E , 0,750 6
< ; 1,000 4
Z: 3 1,500 2
3 E ! 2,000 2
Mg 3,000 2
S 4,000 2
' Lot 5,000 2
Kir_is Agiklik Ortast 6,000 2

Sekil 2.1 - Dénme agisi ve FEMA350/SAC2000 yiikleme protokolii
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Stineklik diizeyi yiiksek moment aktaran ¢elik cergevelerin kolon-kiris birlesimlerinde
yonetmeligimiz minimum kriter olarak goreli kat Stelemesi agisi i¢in 0.04 Radyan degerini
vermektedir (TBDY Md 9.3.4). Dolayistyla, birlesim detay: igerisinde olan tiim elemanlar
bu minimum degeri saglamak, teyit etmek durumunda olmalidir.

uygulama smirlarinin kontrolii asagida yapilmstir.
Plastik mafsalin kolon yiiziinden uzakligi;  Kiris agiklig1 / enkesit yiiksekligi oran;

ly=min(dy/2, 3byy) L,;=1890/270=7
h=min(270/2, 3x135)l,=135mm 1,=2580/270=9.56

Al levhast kalinhgs; Kolon enkesit yiiksekligi;
£p=30mm 12 <1, = 60mm de=360mm  d.<920mm
Aln levhasi genisligi; Bulon smifi:

b,=255mm 160 <b, <300

8.8 (8.8 veya 10.9)

Bulonlar arasindaki yatay uzaklik; Bulon 6ngekme kosullart:

g=135mm 100 =g < 155mm Tam ongekme  (Tam ongekme)

Pr (Pr ve Po); Alin levhasi malzeme sinifi;
Fp=49.8mm, Ppp=30mm 40 <Fr=115mm - g355;p (S235, S275 veya S355)
Kirig enkesit yiiksekligi; Bashik levhast kaynagr;

= <d, <
y=270mm 270 < dy < 1400mm CcJP (Tam penetrasyonlu kiit kaynak)

Kirig baslik kalinligs;
tbf=10.2mm 10 Sty < 25mm

Y 6netmelik uygulama sinirlarina uygunlugu teyit edilen numunenin 6n boyutlandirmasi igin
IdeaStatica V24 [18] sonlu elemanlar yazilimi kullanilmis, hidrolik veren, LVDT ve Strain
Gauge ozellik ve kapasiteleri bu dogrultuda secilmistir (Sekil 2.2 ve 2.3). Ilaveten, sayisal
analiz ile elde edilen gerilme ve dteleme degerlerinin deneyden elde edilenler ile uyumlu
oldugu gozlemlenmistir.

Sekil 2.2 - Kiris-Kolon Birlesimi sonlu eleman analizleri — Gerilme ve Birim Sekil
Degistirme
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Sekil 2.4 - Test kirisi.

2.2 Numune Uretimi ve Test Diizenegi

Uretilen tiim numuneler igin (Sekil 2.4) imalat ncesinde, imalat sirasinda ve sonrasinda
atolye, iscilik ve malzeme sertifikasyonlari, cekme, kimyasal kompozisyon, sertlik, kaynak
pasolari arasi sicaklik, ¢atlak kontrol, niifuziyet ve kaynak hatalarina karsi radyografi testleri
iceren kalite kontrol testleri hem imalat atdlyesi i¢ denetimi tarafindan hem de bagimsiz
akredite bir laboratuvar, sertifikali ekipman ve lisansli denetimciler araciligi ile yapilmus,
kayda almmustir (Sekil 2.5, 2.6, 2.7, 2.8 ve 2.9).
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Numuneler, TS ISO 9001:2015 Kalite Yénetim Sistemi, EN I1SO 3834-2 Kaynakli Imalat
Yeterlik, EN 1090-2 EXC4 Akreditasyon, TS EN ISO 14001:2015 Cevre Yonetim Sistemi
ile TS EN ISO 45001:2018 iSG Y&netim Sistemi belgelerine sahip celik atdlyesinde, onayl
Kaynak Prosediir Sartnamesi (WPS Welding Procedure Specification) ve Kaynak Yontem
Onay (WPQR Weld Procedure Qualification Record) dokiimanlari dogrultusunda, kalite
sertifikalart EN10204 Type 3.1 uyarinca takip edilebilir malzemeler ile TS ISO 9606-1:2014
Kaynakg1 Belgelendirme standardi kapsaminda sertifikalandirilmig kaynakgilar ile tiretilmis,
atdlyenin i¢ denetiminin diginda ISO 9001:2015 Kalite Yonetim Sistemi , TS EN ISO/IEC
17020 ve TS EN ISO/IEC 17025 akreditasyon belgelerine sahip bagimsiz bir laboratuvar
tarafindan denetlenmistir ve test edilmistir.

IPE270 kirislerin alin levhasina kaynaklanacak deneylerimizin odagini olusturan ucunda
flans ve govdelerine tam niifuziyetli kiit kaynak teskili i¢in kaynak agzi, govde-flans
birlesimlerine de AWS D1.8’e [17] uygun kaynak erisim delikleri agilmis, ¢atlak olugumu ve
ilerlemesi i¢in baslangi¢ smir durumu olusturabilecek kilcal ¢atlak olup olmadigi penetrant
test (PT) yontemi ile test edilmistir.

Sekil 2.7 - IPE270 S275JR kiris gévde ve 5 icin ¢cekme numuneleri ile kaynak makro test
numuneleri
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Test kirisinin gévde ve basliklarindan alinan 9 adet ¢ekme testi numunesinden (Sekil 2.7)
elde edilen ortalama degerler Cizelge 2.1° de, her kaynak metodundan hazirlanan 5 set
numune (Sekil 2.7) i¢in yapilan Makro testlerin ortalama sonuglari ise Cizelge 2.2’de
verilmigtir.

Sekil 2.8 - Tiim numune kaynaklart igin kaynak sonrasi radyografi (RT) ile kalite kontrol.

Sekil 2.9 - Kaynak bélgesi Vickers sertlik ve kaynak niifuziyet él¢timleri.

Cizelge 2.1 - Cekme testi sonuclari

IPE270 Rp %0.2 Uzama
S275JR (N/mm?) (%)
Govde 306.3 29.2
Baslik 306.8 30.2
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Cizelge 2.2 - Makro test sonuglar

Kaynak Sertligi Kaynak Niifuziyeti
Vickers H10 (mm)
Ana Metal ITAB Kaynak
Grup 1 190 228 245 2.05
Grup 11 191 223 236 3.47
Grup 111 189 235 245 1.69

Imalat ve kalite kontrol testleri tamamlanan numuneler ve deney diizenegi ITU Ingaat
Fakiiltesi Yap1 ve Deprem Miihendisligi Laboratuvari’ na sevk edilerek hazirlanmis olan
imalat ve montaj projeleri (Sekil 2.10) uyarinca kurulumu yapilmistir.

Sekil 2.10 - Test diizenegi

Planlanan testler i¢in kat yiiksekligi 3m olan, “I” kesitli kolon ve kiristen teskil bir moment
cergeve esas alinmig (Sekil 2.4 ve 2.10 ve 2.11), Test kirig kesiti [IPE270 S275JR olarak

secilmig, alin levhasi olarak 30 mm et kalinliginda 255x490mm S355J2+N levha
kullanilmastir.

Kiris-Kolon baglantisi i¢in 2x4 adet M27 bulon kullanilmistir.

Kolon ise yapma “I” kesitinde, 30x300mm S355JR flans ve 15x296mm S355JR goévde
levhasindan tegkil edilmis ve mafsalli olarak mesnetlendirilmistir.
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Test igin 609.6mm dinamik, 619.8mm statik stroka sahip 250kN yiikleme yapabilen MTS
marka hidrolik veren (ACC) ve 250kN kapasiteli MTS marka yiik hiicresi (LC), veri toplama
ekipmani olarak ise kiris, kolon ve mesnet 6telemeleri icin 12 adet deplasman Slger (LVDT),
kirig-alin levhas1 kaynaklarmdaki gerilme Olciimleri i¢in ise 3 adet gerinim Olger (Strain
Gauge / STR-G) kullanilmustir (Sekil 2.11).

Diizlem dis1 oOteleme ve burkulma stabilitesi igin test Kkirisi siirtlinmesiz olarak
kilavuzlanmistir (H-STB) (Sekil 2.10 ve 2.11).

Her numune i¢in ortam ve numune sicakliklart 6l¢iilmiis, 17-24 °C arasindaki degerlerde
testler gergeklestirilmistir.

Uretilen numune bilgilerini iceren matris Cizelge 2.3 de verilmistir. Iki tip kiris numunesinin
1890mm sistem agikligina sahip ilki (Tip I), TBDY 2018 Tablo 9B.1 dogrultusunda siineklik
diizeyi ytiksek gergeve kriteri i¢in verilen minimum kiris agikligi/enkesit yiiksekligi oraninin
7,0 degerine, 2580mm sistem agikligina sahip ikincisi (Tip II) ise 9,56 degerine karsilik
gelmektedir.

Cizelge 2.3 - Numune matrisi.

FEMA350/SAC2000 Cevrimsel Yiiklemeli Siineklik Testleri

Grup Tip 1 Tip II
Etiket No Lsistem (mm) Etiket No Lsistem (mm)

. TB.1.1 TB.1.7.L

I 58 TB.1.2 1890 TB.1.8.L 2580
© TB.1.3 TB.1.9.L
5 TB.1.14 TB.1.17.L

n g E TB.1.15 1890 TB.1.18.L 2580
” TB.1.16 TB.1.19.L
s TB.1.24 TB.1.27.L

m g & TB.1.25 1890 TB.1.28.L 2580
oo TB.1.26 TB.1.29.L

3. TESTLER

3.1. Birinci grup numune testleri (GMAW + %100CO2)
3.1.1. Birinci tip numuneler (L=1890mm)
Birinci grup, birinci tip, bir numaral numune TB.1.1 testi;

Bir nolu testte TB.1.1 numunesinin, 0,03 Radyan dénme agisma karsilik gelen 27nci
gevrimde (7. Adim, birinci ¢evrim) flang kaynagi catlamis, toplamda 28 inci ¢evrimde
tamamen kirilmistir. Flang ve gévdedeki plastiklesme bolgeleri Sekil 3.3 ve Sekil 3.4°de
goriilmektedir.
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Sekil 3.1 - TB.1.1 Numunesi

TBA1 KN

JIH fl‘ J\

| (RN |‘
"("H‘H‘\&““l‘|“ll‘\ “HUH\“ |
/ f“‘”‘"‘l”,““”\\"\ \
L L |
‘-“‘M‘H‘.M‘H\;H 1T I\“‘ ‘}\}
Ve “ \""HM\
“j‘\‘\‘\‘\“\““l
I l‘\\_\\lw\‘“\

0 Rad

Sekil 3.3 - TB.1.1 gevrim sayisi 27, flang kaynaginda ¢atlak

Sekil 3.4 - TB.1.1 ¢evrim sayist 27, flans kaynaginda kirilma.
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Birinci grup, birinci tip, iki numarali numune TB.1.2 testi;

TB12

rrrrrrr

Sekil 3.5 - TB.1.2 Kuvvet-Oteleme Acisi dongiisii ve flans kaynaginda kirilma (C. 27)

Birinci grup, birinci tip, iic numarali numune TB.1.3 testi;

Sekil 3.6 - TB.1.3 Kuvvet-Oteleme A¢isi dongiisii ve flans kaynaginda kirilma (C.27)

3.1.2. Ikinci tip numuneler (L=2580mm)
Birinci grup, ikinci tip, bir numarali numune TB.1.7.L testi;

TB17.L

200,00

Sekil 3.7 - TB.1.7.L Kuvvet-Oteleme A¢ist dongiisii ve flans kaynaginda kirilma (C.32).
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Birinci grup, ikinci tip, iki numarali numune TB.1.8.L testi;

TB18.L

kN
200,00

Sekil 3.8 - TB.1.8.L Kuvvet-Oteleme Acist dongiisii ve flans kaynaginda kirllma (C.31).

Birinci grup, ikinci tip, iic numaralh numune TB.1.9.L testi;

TBA9L

© Rad

005 -0,04 -0,03 g 6 003 004 005

- .o

-200,00

Sekil 3.9 - TB.1.9.L Kuvvet-Oteleme Acisi dongiisii ve flans kaynaginda kirilma (C.30).

3.2. ikinci grup numune testleri (SMAW + Bazik)
3.2.1 Birinci tip numuneler
ikinci grup, birinci tip, bir numarali numune TB.1.14 testi;

TB.1.14

Sekil 3.10 - TB.1.14 Kuvvet-Oteleme A¢ist dongiisii ve flang kesitinde kirilma (C.28).
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ikinci grup, birinci tip, iki numarah numune TB.1.15 testi;

TB.1.15

Sekil 3.11 - TB.1.15 Kuvvet-Oteleme A¢ist dongiisii ve flans kesitinde kirilma (C.28).

ikinci grup, birinci tip, lic numarali numune TB.1.16 testi;

TB.16 KN

Sekil 3.12 - TB.1.16 Kuvvet-Oteleme A¢ist dongiisii ve flang kesitinde kirilma (C.30).

3.2.2. Ikinci tip numuneler

ikinci grup, ikinci tip, bir numarali numune TB.1.17.L testi;

H.KAI TB.1I7.L kN

™%

200,00

Sekil 3.13 - TB.1.17.L Kuvvet-Oteleme Ag¢isi dongiisii ve flans kesitinde kirilma (C.31).
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ikinci grup, ikinci tip, iki numaral numune TB.1.18.L testi;

TB.118.L

Sekil 3.14 - TB.1.18.L Kuvvet-Oteleme Acist dongiisii ve flans kesitinde kirilma (C.32).

ikinci grup, ikinci tip, iic numarah numune TB.1.19.L testi;

TBII9L

Sekil 3.15 - TB.1.19.L Kuvvet-Oteleme Acist dongiisii ve flans kesitinde kirilma (C.31).

3.3. Ugiincii grup numune testleri (GMAW +%20 CO: + %78-79 Ar)
3.3.1. Birinci tip numuneler

Uciincii grup, birinci tip, bir numarali numune TB.1.24 testi;

H.KAYA TB.1.24 KN

@ Rad
005 004 -0 s,,"ﬂ doy Mo/ foor Joo2 oo opa 005
i § b

£ B

Sekil 3.16 - TB.1.24 Kuvvet-Oteleme Agist dongiisii ve flans kaynaginda kirilma (C.29).
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Uciincii grup, birinci tip, iki numarali numune TB.1.2S5 testi;

TB.1.25

© Rad

005 0ps o b2 oy Jhbg 002 003 004 005
/ 1y

Sekil 3.17 - TB.1.25 Kuvvet-Oteleme Agist dongiisii ve flans kaynaginda kirilma (C.29).

Uciincii grup, birinci tip, iic numarali numune TB.1.26 testi;

TB.1.26

© Rad

005 ops ofs g2 o by foor foor ops ops o0s

Sekil 3.18 - TB.1.26 Kuvvet-Oteleme Agist dongiisii ve flans kaynaginda kirilma (C.29).

3.3.2. Ikinci tip numuneler

Uciincii grup, ikinci tip, bir numarah numune TB.1.27.L testi;

TE127L N

200,00

e
Sekil 3.19 - TB.1.27.L Kuvvet-Oteleme Acisi dongiisii ve flans kaynaginda kirilma (C.32).
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Uciincii grup, ikinci tip, iki numarali numune TB.1.28.L testi;

TB.1.28L

Sekil 3.20 - TB.1.28.L Kuvvet-Oteleme A¢isi dongiisii ve flans kaynaginda kirilma (C.32).
Uciincii grup, ikinci tip, iic numaral numune TB.1.29.L testi;

TB.1.29L

-0,06

Sekil 3.21 - TB.1.29.L Kuvvet-Oteleme A¢isi dongiisii ve flans kaynaginda kirilma (C.31).

Cizelge 3.1 - Birinci tip numuneler icin ¢evrimsel yiiklemeli siineklik testleri ozeti.

Grup/Tip ) Liistern t K1r1.lma ) Teyit eidilen gélreli .
No Etiket No (mm) . anindaki ¢cevrim kat otelemesi Kirilma yeri
(°O) sayisi (Radyan)
TB.1.1 17 27 0,02 Fiizyon hatt1
/1 TB.1.2 1890 15 27 0,02 Fiizyon hatti
TB.1.3 15 27 0,02 Fiizyon hatt1
TB.1.14 18 28 0,02 Kirig
/1 TB.1.15 1890 19 28 0,02 Kiris
TB.1.16 19 30 0,03 Kiris
TB.1.24 21 29 0,03 Flizyon hatt1
/1 TB.1.25 1890 20 29 0,03 Fiizyon hatti
TB.1.26 21 29 0,03 Fiizyon hatt1
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Cizelge 3.2 - Ikinci tip numuneler icin cevrimsel yiiklemeli siineklik testleri ézeti.

Grup/Tip ) Lsistem t Kmlma. Teyit e:.dilen géreli '
Etiket No anindaki kat telemesi Kirillma yeri
No (mm) (°C) cevrim sayisi (Radyan)

TB.1.7.L 21 32 0,04 Fiizyon hatt1
172 TB.1.8.L 2580 21 31 0,04 Fiizyon hatt1
TB.1.9.L 22 30 0,03 Flizyon hatt

TB.1.17.L 22 31 0,04 Kirig

/2 TB.1.I8.L 2580 21 32 0,04 Kiris

TB.1.19.L 22 31 0,04 Kirig
TB.1.27.L 23 32 0,04 Flizyon hatt
11/2 TB.1.28.L 2580 24 32 0,04 Fiizyon hatti
TB.1.29.L 24 31 0,04 Fiizyon hatt1

4. ELDE EDILEN SONUCLAR

Deprem etkileri altinda biiyiik plastik sekil degistirmelere maruz kalabilecek yapilar igin
stineklik kapasitesi toptan go¢me mekanizmasinin Oniinde en biiyiik gilivence olarak
giniimiiz yo6netmeliklerinde yer almaktadir. Elbette bu sartlar1 saglayabilmek icin
miihendislik tasarimin basinda “yiiksek siinek” veya “normal siinek” kabullerinin 6tesine
gecip yapinin tasarlandigr matematik modele uygun davranabilecegi detaylar1 segmek, bu
detaylarin bir biitiin olarak yap1 davranigina etkilerini bilmek, iiretim ve montajlar1 sirasinda
cikabilecek mahsurlar1 6ngdrmek miihendislik temel prensipleri itibariyle dnemlidir.

Betonarme yapilara kiyasla malzeme katsayilarinin daha diisiik olmasi, modelleme, analiz,
tasarim, imalat ve montaj hatalarini daha az tolore edebilme yetenegine sahip olmalari sebebi
ile odak konumuz olan ¢elik yapilar, dogal olarak tasarim, iiretim ve montaj dénemlerindeki
hatalara kars1 daha hassastirlar.

Gilinliimiizde tiretim hizinin yiiksek, detaylarinin nisbeten daha basit ve ig¢ilik maliyetlerinin
diisiik olmasi gibi sebeplerle tercih edilen kaynagi bir birlesim araci olarak bulon ve
perginden ayiran dnemli yapisal farkliliklar bulunmaktadir. Oncesinin, kaynaklama aninin ve
sonrasinin birer 1s1l iglem olmalar1 sebebi ile ana malzeme kalinligina. karbon esdegerine ve
uygulanan metoda bagli olarak metaliirjik mikro yapida degisiklikler olusur. Birlesim
detayinda tasarim sirasinda ongoriileyen artik gerilmelere sebep olabilir. Yapr degisikligi
sebebi ile flizyon ve 1s1 tesiri altindaki bolgeler kirilma hassasiyetine sahip alanlardir.

Uygulama oncesinde, sirasinda ve sonrasinda gosterilmesi gereken 6zen ve alinmasi gereken
tedbirler her kaynak metoduna gore farklilik gosterir. Kaynak malzemesi ve yonteminin
se¢imi atélye, santiye ve atmosferik sartlar ile proje ve detayina 6zel olarak yapilir. Tiim bu
parametre ve usiillerin se¢imi, yontemlerin belirlenmesi miihendislik hizmeti altindaki
yapilar i¢in atdlye inisiyatifine birakilmayacak kadar dnemlidir.

Bu caligmanin amaci, yonetmelik maddesi lizerinde arastirma yapmak degildir. Birinci
boliimde de agiklandig1 gibi iilkemiz yapisal gelik atdlyelerinde tercihen kullanilan kaynak
yontemlerinin yonetmeligimiz kapsaminda performanslarini incelemektir.
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Bu amagla, yonetmelik asgari sartlarini referans alarak test diizenegi olusturmak, ayni
zamanda caligma sonucunda elde edilecek bilgiler i¢in kiyas veya referans diizlemi
olugturmak acisindan anlam teskil etmektedir.

Ancak, dogal olarak bu referansla iiretilen test numunelerinden elde edilen sonugclar,
yonetmelik maddelerinin iilkemiz {iretim sartlar1 dogrultusunda irdelenmesi igin Oncii veriler
olusturmus ve her ne kadar dogrudan amag olmasa da dolayli olarak yonetmelik ilgili madde
ve sartlari lizerinde yorum yapma imkani ortaya ¢ikmistir.

Bu arastirma i¢in 18 Mart 2018 y1il1 30364(Miikerrer) sayili Resmi Gazete’de yayimlanarak
1 Ocak 2019 yilinda yiiriirliige giren 2018 y1l1 Tiirkiye Bina Deprem Yo6netmeligi, Moment
Aktaran Celik Cercevelerde Kirig-Kolon Birlesim Detaylari EK9B Boliimii, Md.9B.2 “Tam
Dayanimli Bulonlu Alin levhali Birlesimler” alt boliimiinde yer alan “Rijitlik Levhasiz, 4
Bulonlu, Alin Levhali Birlesim” referans alinmistir.

Bu birlesim detayinin test numunesi olarak se¢ilmesinin iki nedeni bulunmaktadir. Birincisi,
kiris ile alin levhast birlesiminde herhangi bir berkitme veya rijitlik levhasi
bulunmamaktadir. Ikincisi ise ana kiris enkesitinde Md. 9B.5 gibi bir zayiflatma on
gorlilmemistir. Bu nedenle birlesim kaynagmin performansinin  tam olarak
gozlemlenebilecegi ongdriilmiistiir.

Arastirma kapsaminda gerceklestirilen tam Olgekli deneylerde asagidaki bilgilere
ulasilmustir;

1. Siineklik diizeyi yiiksek gergeveler icin minimum 7 olarak alt limiti verilen kirig
acikligi/enkesit yiiksekligi oranina ait Tip I numunelerinde goreli kat 6telemesi degeri
I. Grup numuneler i¢in 0,02 Radyan, II. Grup numuneler i¢in 0,02 ve 0,03 Radyan, III.
Grup numuneler i¢in 0,03 Radyan olarak ger¢eklesmistir. Kirilmalar I ve III. Grup
kaynaklar igin kaynak fiizyon bolgesinde, II. Grup kaynak i¢in kiris flans1 enkesitinde
meydana gelmistir (Cizelge 3.1).

Elde edilen goreli kat 6telemesine ait degerler, 0,04 Radyan olan yonetmelik minimum
kosulunun altinda kalmistir.

2. Kirig acikligi/enkesit yiiksekligi oranmin 9,56 olarak tayin edildigi II. Tip
numunelerinde goreli kat 6telemesi degeri I. Grup numunelerin biri 0,03 Radyan diger
ikisi 0,04 Radyan, II. Grup numuneler i¢in 0,04 Radyan, III. Grup numuneler igin
0,04 Radyan olarak gergeklesmistir. Kirilmalar I ve III. Grup kaynaklar i¢in kaynak
fiizyon bolgesinde, II. Grup kaynak icin kiris flangt enkesitinde meydana gelmistir
(Cizelge 3.2).

[.Grup kaynak yontemi i¢in kararsiz bir davranigin devam ettigi, II ve III. Grup kaynak
yontemleri i¢in ise yonetmelik asgari sartlarini sagladiklar1 sdylenebilir. Ancak I ve III.
Grup kaynak yontemleri ile iretilen numunelerdeki kirilmalarin halen kaynak fiizyon
bolgesinde oldugu da ayrica dikkat edilmesi gereken bir husus olarak tespit edilmistir.

3. TBDY 2018 Madde 9 Tablo 9.1’ de deprem yiikleri etkisindeki elemanlarin birlesim ve
eklerinde kullanilacak kaynak metali 6zellikleri ile ilgili olarak talep edilen minimum
degerler ile bu arastirma kapsaminda kullanilan kaynak metallerinin &zellikleri Cizelge
4.1°de verilmistir.
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Cizelge 4.1 - Kaynak metalleri karsilagtirmasi.

Arastirma kapsamindaki kaynak metalleri

TBDY 2018
I Grup II Grup 1T Grup

G423 CG4sil
Kaynak metali simift ~ E480 E550 1 E 46 B32 H5 T462PC1

G 42 3 M G4Sil
Karakteristik akma 50 479 470 480 500
gerilmesi (N/mm?)
Min. Cekme
dayanimi (N/mm?) 480 550 570 580 560
Min. Uzama (%) 22 19 25 30 25
Centik toklugu 1R 0 1ru; 200 200 0 °
(CVN) 18 °C min. 27] 30°C 60J 20 °C 180J 20°C 70J

Goriilecegi lizere arastirma kapsaminda secilen tiim metotlarda kullanilan kaynak
metallerine ait 6zellikler, yonetmelik asgarisi tizerindedir.

Buradan hareketle, test sonuglarindan elde edilen veriler dogrultusunda, yonetmelik
kapsaminda yapilan asgari tarifin gerekli ancak tek basma yeterli olmadig: ifade
edilebilir.

5. ONERILER

Bu aragtirma kapsamindaki testlerden elde edilen veriler incelendiginde, 6zellikle sismik ve
dinamik etkiler altindaki elemanlar, birlesimler veya tastyici sistemler ile stineklik diizeyi
yiiksek ¢ergeveler igin asagida verilen maddeler 6ne ¢ikmaktadir;

1. Bu tip sistemlerde derin niifuziyetli, tam penetrasyonlu, ¢entik darbe toklugu yiiksek
kaynak metali se¢imi, olasi kirllmanin kaynak yerine malzemede olusmasi agisindan
alimmast gereken bir tedbir olarak karsimiza ¢ikmaktadir.

2.  Tasarimda, imalatta ve montajda ¢entik etkisi olusturabilecek zorlanmig detaylardan ve
stireksizliklerden kagimilmalidir.

3. Altlik veya kok plakasi kullanilacak ise ¢entik etkisi yapabilecek metal kok plakasi
yerine seramik plaka tercih edilmeli, kaynak baslangic ve bitislerindeki krater
bdlgelerinin gentik etkisine sebep olacagi hususu dikkatten kagirilmamalidir.

4. TBDY 2018 asgari sart tanimlar1 gerek kaynak metali gerekse de bu tip birlesimlerin
uygulama siirlar1 agisindan genisletilmeli ve ilave kosullar ile desteklenmelidir.

Bu amagcla gercek boyutlu numuneler {izerinde yapilacak test say1r ve tipleri
artirilmalidir.

5. Etkalinlhig yiiksek levha ve profiller i¢in diizlemine dik kuvvetler altinda olusabilecek
laminer yirtilma ile ilgili kisitlar ve kontrol mekanizmalari yonetmelik kapsamina dahil
edilmelidir.
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6. Kaynak bolgesine enerji girigini optimize edebilmek, artik gerilme riskini diisiirmek ve
birlesim boélgesinde yapisal degisimi risk olusturmayacak seviyelerde tutabilmek
acisindan kaynak Oncesi, kaynak sirast ve kaynak sonrasi tiim islemler ile bunlarin
sonuglar1 konusunda asgari bilgi sahibi olmak ve ana metal ile kaynak metali ve
yonteminin se¢imi konusunda tasarimci olarak inisiyatif alinmasi 6nem teskil
etmektedir.

Bu amagla, tasarimda, imalat ve montajda profesyonel olarak hizmet veren insaat
mithendisi meslektaglarimizin, bir birlesim eleman1 olarak kaynaga yaklasimi
konusunda farkindaligin artirilmasi 6nem kazanmaktadir.

Semboller

b, : Alin levhasi genigligi

Ces : Karbon esdegeri

dy : Kiris enkesit yiiksekligi

d. : Kolon enkesit yiiksekligi

E : Elastisite modiilii

g : Bulonlar arasi yatay uzaklik
K : Gerilme yogunluk faktorii

Iy : Plastik mafsalin kolon yiiziinden uzaklig1
M : Moment

M, : Plastik moment

N : Tekrar sayist

Ps, Pg, : Kiris flangina bulon mesafesi
R : Donme kapasitesi

tor : Kiris baslik kalinligi

tp : Alin levhasi kaliligi

0, : Plastik donme acis1

c : Normal gerilme

T : Kayma gerilmesi
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Modelling of Steady-State Seepage of an Embankment
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Algorithm
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ABSTRACT

The goal of the this study is to investigate the applicability of the teaching-learning based
optimization (TLBO) algorithm for modeling seepage in embankment dams. The input
parameters selected for the models to be built are the values of permeability (&), van
Genuchten's suitability parameters a and n, whose effect on seepage has been investigated
over the years due to their uncertainties. The validity of the TLBO was compared with that
of conventional regression analysis (CRA) methods. Both methods were utilized with
different regression forms. The parameters chosen as input are modeled as random variables
with a log-normal distribution, and total discharge (Q) was obtained. Four statistical indices,
that is, root mean square error, mean absolute error, average relative error and coefficient of
determination, were used to evaluate the performance of the models. The equations obtained
using TLBO algorithms can predict the total discharge in embankment dams better than CRA.
In addition, the reliability of TLBO has been demonstrated by conducting analyses using the
outputs of CRA as a benchmark.

Keywords: Monte Carlo Simulation, permeability, van genuchten parameters, seepage
analysis, teaching-learning based optimization.

1. INTRODUCTION

The continuous and unimpeded movement of water from upstream to downstream of a dam
is defined as seepage. The design of embankment dams aims to keep this movement within
acceptable limits. In line with this objective, zoned embankment dams are designed using
soils with low permeability (k) in the core section. However, the inevitable variability in the
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soil properties leads to uncertainties in performance [1,2]. These uncertainties mean that
deterministic seepage analyses may produce results that can differ significantly from the
measured seepage in the field. Therefore, probabilistic analyses that consider uncertainties
often provide a more appropriate approach for seepage analysis of embankment dams.

Many researchers have used various geotechnical and hydraulic properties of the soil as
random variables in these probabilistic analyses. Especially k, whose effect on seepage has
already been clearly established, is a frequently used property in those studies [e.g.; 1, 3-9].
In addition to k&, which is the most important parameter, a and n values, which are the
suitability parameters of the van Genuchten water retention model, have also been among the
parameters whose effect on seepage has been frequently investigated. Among these studies,
Ahmed [4] investigated the seepage in embankment dams by probabilistic analysis, subjected
the variable £ to log-normal distribution and modelled the confined flow under a hydraulic
structure using random field theorem. In the results of the study, it was determined that the
amount of seepage was less than that calculated by deterministic methods for all values of
coefficient of variation (COV) and fluctuation scale (6). Srivastava et al. [5] considered the
value of k in a typical soil slope geometry as a log-normally distributed and spatially
correlated random variable, and investigated the effect of this random variable on steady-
state seepage flow and slope stability problems under steady-state seepage conditions. In the
study of Le et al. [6], porosity and k were selected as random variables from heterogeneous
material properties, and finite element analyses were performed by Monte Carlo (MC)
simulation. Calamak [1] investigated the effect of soil variability on seepage in three different
types of hypothetical embankment dams by taking hydraulic conductivity and Van
Genuchten parameters as random variables. Tan et al. [7] numerically simulated saturated-
unsaturated seepage by combining MC simulation and random field theory to investigate the
effect of the variability of hydraulic parameters on the flow in earthfill dams. Sensitivity
analyses revealed that the coefficients of variation of the soil-water relationship characteristic
curve (SWCC) parameter n and k, have a greater influence on the seepage flow rate than the
SWCC parameter o.

Based on these considerations, this study presents a probabilistic seepage analysis where k,
a, and n are modeled as random variables to determine their effect on total seepage (Q). For
this purpose, first, the statistical parameters mean (u) and coefficient of variation (COV) were
determined for k£, a and n. Then, a hypothetical dam was created in accordance with the
United States Bureau of Reclamation (USBR) criteria. Steady-state seepage analyses were
performed on this hypothetical dam. The effect of the selected random variables on Q was
investigated. Finally, the seepage within embankment dams is modeled by a new, simple,
and robust optimization algorithm called teaching-learning based optimization (TLBO) and
the conventional regression model (CRA) which were used in a number of previous studies
in other fields of science and engineering [e.g., 10,11]. The TLBO algorithm is preferred
because it has a small number of control parameters, and is therefore quite reliable. In
addition, the fact that it gives relatively faster results compared to other swarm-based
algorithms is also one of the reasons for its preference. Recently, this algorithm has started
to be used in geotechnical problems involving retaining wall design and slope stability [12,
13]. This study distinguishes itself by pioneering an examination into the feasibility of
employing the TLBO algorithm for modeling seepage in embankment dams, marking the
first of its kind in this field.
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2. CASE STUDY

A clay core embankment dam that was designed in accordance with the USBR criteria was
employed for the analyses. The cross-section of the dam is given in Figure 1. The dam has a
base length of 185 m, and a height of 30 m. The upstream and downstream slopes are 3:1 and
2.5:1, respectively. The core section has a width of 40 m, and slopes of 1:2. The typical
geotechnical properties of the materials used for the upstream and downstream fill, and for
the core are given in Table 1. Typical values from practice and literature were used when
selecting deterministic material properties, except for permeability and van Genuchten
parameters, which are modeled as random variables. In generating these random variables,
particularly permeability, care was taken to ensure the values are plausible and acceptable in
geotechnical and dam engineering practice. Detailed information on this consideration is
provided in the random variable generation section. Note that using these material models
and properties, Glinay [14], in her study of probabilistic seepage at Biiylikgekmece Dam,
obtained results consistent with the measured seepage in the dam.

1:Filling material 20
2:Clay material , 10,
*Units are "m". | I

185

Figure I - Cross-section of the application dam

Table 1 - Material properties of the embankment dam

Parameter Core Fill Unit
Soil model Mohr-Coulomb Mohr-Coulomb -
Draninage type Undrained(B) Drained -

Y 18 20 kN/m?
Yunsat 16 16 kN/m?3
Groundwater classification type ~ User defined Hypres -

kx =ky Random variable 1 m/day
a Random variable - m!

n Random variable - -

E'ref 1,500 20,000 kN/m?
Crref - 5 kN/m?
Suref 5 - kN/m?
E'inc 300 kN/m?*/m
SWCC fitting model Van Genuchten Van Genuchten -
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3. METHODOLOGY
3.1. Finite Element Modelling

In this study, the finite element (FE) analyses for the seepage calculations were carried out
using PLAXIS 2D Ultimate v22 [15]. Mohr-Coulomb soil model was deemed sufficient as
the soil model, and "flow only" analysis type was used in the analyses. This type of analysis
is more useful in problems that deal with fluid flow only. The finite element model was
meshed to consist of 707 elements and 5,927 nodes. This mesh system is the finest mesh
system (very fine) provided by PLAXIS 2D [15]. Van Genuchten [16] model and “user-
defined” were employed for the SWCC curve of the materials. This allows a and n to be
entered randomly. When determining the boundary conditions of the model, the bottom of
the dam was completely closed to flow to focus solely on the flow within the dam body.
Consequently, BoundaryXmin, BoundaryXmax, and BoundaryYmax were open to flow,
while BoundaryYmin was closed to flow. The finite element model is shown in Figure 2.

Figure 2 - PLAXIS 2D finite element model

Stochastic analyses were utilized to explore the impact of uncertainties in core &, and Van
genuchten parameters o and » on (. In these stochastic analyses, Python software [17]
embedded in PLAXIS 2D was used to run the MC simulations. PLAXIS 2D v14 and later
versions offers a Python scripting interaction interface that makes it possible for users to
input data [18, 19, 20]. The interface from PLAXIS to Python is shown in Figure 3.

In [1]: dimport im
from math import pi
import time
from math import log
from math import sqrt
from math import exp
from math import pow
from math import sin
from math import cos
import random
import numpy as np
from pytesseract import pytesseract
from PIL import ImageGrab
from PIL import Image
import pyautogui
import datetime

In [2]: # Python-Plaxis Baglantist
localhostport_input = 10000
localhostport_output = 10001
plaxis_path = r"C:\ProgramData\Bentley\Geotechnical\PLAXIS Python Distribution vi\python\Lib\site-packages"
found_module = imp.find_module('plxscripting', [plaxis_path])
plxscripting = imp.load_module(plxscripting’, *found_module)
from plxscripting.easy import *
s_i, g i = new_server('localhost’, localhostport_input, password = ‘BelxZQ<gGtcarCoW')
s_0, g o = new_server('localhost’, localhostport_output, password = 'BelxZQ<gGtcarCou')

Figure 3 - Plaxis-Python connection [14]
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3.2. Random Variable Generation

In the earlier stochastic seepage analyses, in addition to basic hydraulic and geotechnical
properties such as k and k&, Van Genuchten parameters (a and n) were also included in the
analyses as random variables. In the current study, as in Li et al. [21] , and Calamak [1], the
ks, a, and n were treated as random variables. Law [22], Bulnes [23], Warren and Price, [24],
Bennion and Griffiths [25] show that &, can be characterized by a log-normal distribution. In
addition, Carsel and Parrish [26] show that o and n also follow a log-normal distribution. The
essential statistical information, including the u and the COV for the ;, a, and n, was derived
from Carsel and Parrish [26], which provides water retention relationships for twelve
different soils. Specifically, these values for &, were determined to be 0.062 m/day and 2.672,
respectively [27]. Given the significant COV(k), it is possible to produce a simulated & value
that natural clay material would not typically exhibit. Therefore, values were initially
generated with 0.5 COV(k,). However, as the issue persists, it would be prudent, in
accordance with the guidance provided by Casagrande [28], to limit the maximum &, value
to 10* cm/s, a value commonly associated with clays used in impervious sections of

Table 2 - Parameter values used in the study for ks

Descriptive statistics Random variable name Reference
ks (m/day) _a(ml) n Carsel and

cov 1.334 0.780  0.072 Parrish

" 0.062 1900 1310 (1988)

iterasyon = 201 #Iterasyon Baslangi¢

data = 1 iterasyon = 201
sayacpern =[]‘ data = 1
while data < iterasyon: while data < iterasyon:
muK=0.862 g i.gotosoil()
COVK= 0.68 S = IF Tl e - Pt Tl = A Tan
o # Degisken Zemin Malzemelerinin Tanimlanip Atanmasi
ul=random.uniform(e,1) 5 : - z
u2=random.uniform(®,1) mater‘la!._l.<11= & aat(V
signak = COVK * mK perr{leamhty = p[z.iata»ll n
sigmalnk = sqrt(log(1 + pow((sigmaK / muK), 2))) #print("permeability”, permeability)
r = sqrt(-2.0 * log(ul)) * sin(2.e * pi * u2) alfa = a[data-1]
permeability = exp(log(muk) - .5 * pow(sigmalnk, 2) + sigmalnk * r) #print("alfa”,alfa)
while permeability»@.0864: n = b[data-1
ul=random.uniform(e,1) #print( n)

u2=random.uniform(e,1) material_kil.setproperties(

sigmak = COVK * muk #other properties

sigmalnK = sqrt(log(1 + pow((sigmak / muK), 2)))

r = sqrt(-2.0 * log(ul)) * sin(2.0 * pi * u2) Z:'zlfa’
et T A
sayacpern. append(perneability) perm_vertical_axis",permeability :]
(a) (b)
permeability = ©.061451357812616236
a value = 2.6259161240120217

n value = 1.34585308296192706
['“Total discharge is ©,4852 m3/day/m\n"]

(©

Figure 4 - a, b: Random parameter generation and c, example of iteration output in Python
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embankments. The mean value of 0.062 m/day represents a suitable £ that aligns with the
criteria proposed by Casagrande [28] for application in impermeable regions of dams and
levees. In addition, related studies have shown that the COV(k;) value for £ is in the range of
100-300% [27, 29, 30]. For the a, mean and COV values were taken as 1.90 m™ ! and 0.78,
respectively. The value taken for the mean is between 0.21-2.46 values suggested by Qu et
al. [31]. For the n value, mean and COV values were taken as 1.31 and 0.072, respectively.
The value assumed for the mean 7 is between 1.05-1.35, which is the range proposed in Qu
et al. [31]. All the obtained values are summarized in Table 2. The Python code for random
variable generation using the values given in Table 2 and an example iteration output is given
in Figure 4.

3.3. Teaching-Learning Based Algorithm (TLBO)

TLBO is a population-based stochastic optimization algorithm inspired by the teaching-
learning process in a classroom developed by Rao et al [32]. This algorithm has been used in
many studies such as modeling dissolved oxygen, estimating energy consumption and
determining suspended sediment load [10, 33, 34]. In this study, it will be used for the first
time on seepage analysis in dams. In the proposed algorithm, each candidate solution is
characterized by a set of variables representing a student's results, consisting of grades in
different subjects [35]. This algorithm includes teaching and learning phases. The student
who best fits the solution is selected as the teacher for the teaching phase. The teaching phase

Initial population randomly generate
\

v

Each of the design variables calculate the average

'

The individual with the smallest objective [unction define as a teacher

> Renew the individual (student) snew_i = sold_i + r*(teacher-TF*mean)

s_i=snew_i s_i=sold_i

L |

'
Teaching phase

Compare s_i with randomly selected s_j, ii

YES NO
snew_i = sold_it+r(s_i-s_j) @ snew_i = sold_i+r(s_j-s_i)

== f(snew_i) < f(sold_i) —_—
YES
i<Pn
Learning phase

| NO

Stop criteria NO
ovided?
| YES

The smallest objective function is the global obtain as a solution

Figure 5 - Flow diagram of TLBO algorithm (Revised from [39])
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is where students try to improve their results by getting information from the teacher. At the
same time, the phase where students improve their performance by interacting with other
students is called the learning phase [36]. The flow diagram of this algorithm is given in
Figure 5. The reason why this algorithm is preferred over other algorithms such as the
artificial bee colony algorithm or the ant colony algorithm, etc. is its simple digitized structure
and independence from a set of control parameters to define the performance of the algorithm
[10, 33, 37]. There are two control parameters in this algorithm. The first one is the population
size, which is equal to the number of students. The other is the maximum number of cycles.
The operation logic of this algorithm can be found in detail in Zou et al. [35] and [38].

The data is used as an input for the algorithm described above after being normalized using
Eq.1. The objective function of the TLBO models is the sum square error (SSE). The
regression equations have been evaluated by using data in the training set, and the best ones
having the minimum SSE are determined. Also, performances of the TLBO and CRA models
are evaluated using root mean square error (RMSE), mean absolute error (MAE), average
relative error (ARE), and the coefficient of determination (R?) for training and testing sets.
SSE, RMSE, MAE, ARE and R? are obtained with Eqgs. (2-6), respectively [40]. As the
observed and estimated values converge, the Root Mean Square Error (RMSE), which is the
standard deviation of the errors, decreases and approaches zero. The closer the RMSE is to
zero, the better the correlation is in estimating the desired parameter [41]. In the literature,
R? values between 0.9 and 1.0 indicate a perfect fit, while values between 0.75 and 0.9
indicate a very good fit [42].

Normalized value = (Mai?r:uﬁl::;zﬂzﬁuﬁlgjm) x (0.9 -0.1)+ 0.1 )
SSE = XiL; (P, — 0)° ()
1 1/2
RMSE = [<3N, (P - 0)?] 3)
1¢N
MAE = =3[ (B — 0] “4)
_ 1¢yN ((Ri=0Op)
ARE = <3N, (2220 x 100 (5)
21— H_O))
R =1 - (SRR (6)
where;

N : the number of observations
O; : the ith observed value

P; : the ith estimated value for the regression functions
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4. RESULTS AND DISCUSSION

FE analyses were conducted using the random variables k, a, and n, and the distribution of
the resulting Q values is plotted in Figure 6. In this figure, the green line represents the
deterministic Q result (obtained by keeping the random variables constant, Qqe). The red line
represents the average Q value obtained probabilistically from 200 analyses. Note that the
deterministically obtained value is less than the average of the probabilistically obtained
values. Of the 200 Q values given in this histogram, 160 (80 %) were used in training and 40
(20 %) were used in testing. In the modeling phase, four regression functions, namely
quadratic function (QF), exponential function (EF), linear function (LF), and hyperbolic
function (HF), were used to estimate O based on the analysis results. In the following, TLBO
and CRA were used to optimize the unknown coefficients (w;) of the independent variables

(xi).

14
— =0.348
—— Qdet=0.338
12
10 m
8 — - =
£
5 4
o
5]
6 -
b ™
¥
4 - M R
B W’ \m
0 T T
0.0 0.2 0.4 0.6 0.8
Q value (m3/day/m)

Figure 6 - Histogram of Q values

Using the data obtained from the FE analysis, TLBO and CRA were applied to QF, EF, LF,
and HF. One of the major challenges is to determine the best parameters of TLBO, since any
change in the algorithm parameters affect the performance of the algorithm. For this reason,
different scenarios for TLBO parameters were tested and the most successful features were
used. Accordingly, the maximum number of iterations (NMI) = 3000 was set as one of the
control parameters of TLBO. The other control parameter, the population size (SP), was set
to SP = 100 for linear and hyperbolic regression functions, and SP = 200 for quadratic and
exponential functions. Once the control parameters were set, 20 independent runs were
performed for each regression equation using TLBO. The control parameter values of the
TLBO models yielding the best results for the functions are given in Table 3. CRA analyses
were performed with SPSS, version 11.5 for Windows. The optimal coefficients obtained for
the functions in the analysis results are presented in Table 4.

The results obtained from the equations and the test set that the equations have never seen
before were compared with the probabilistic FE results and the best-fitting equations were
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determined. The comparison is based on performance indices such as RMSE, MAE, ARE
and R2. The error values and R? for the training and testing sets using TLBO and CRA models
are presented in Tables 5 and 6, respectively. After evaluating all equations, the best fitting
equation is highlighted in bold for all error values.

Table 3 - The control parameter values of the TLBO and models yielding the best results

. TLBO parameters

The functions
SP NMI
Quadratic 200 3000
Exponential 200 3000
Linear 100 3000
Hyperbolic 100 3000

Table 4 - The coefficients obtained from the analysis

Coefficients

wo wi w2 w3 wy ws 13 wr we w9
TLBO  1.0084 0.9127 0.0069 -0.0037
CRA 5.5860 0.8810 0.0450 -0.0050

Yhyperbolic = Wo (X1 )" (x2 )" (x3 )"

TLBO  0.0325  0.9818 0.0142 0.0011
CRA -0.0037  7.2321 0.0317 -0.0002
Viinear = Wo + (X1 )wiH(x2 )wa+(x3 )ws

TLBO  -6.4455 1.8711 0.1374 0.0038 0.0013
CRA -18.148  2.8980 0.3900 0.0020 0.0001

Yexponantial = Wo + exp(wi +(x1 )wat(x2 )ws+(x3 )wa)
TLBO -0.0426 1.2226 -0.0003 0.1360 0.0455 -0.0578 0.0198 -0.2306 -0.023 -0.1233
CRA -0.0500 8.7300 0.0690 0.0080 0.1910 -0.0410 -0.0070 -17.535 -0.0020 0.0010

Yauadratic = Wo + (X1 )wi + (X2 )w2 + (x3 )ws + (X1 x2)wy + (x1 X3)ws + (x2x3)we + (x17 )wr + (x2)wst (x52)we

xi: k, m/day ; x:n ;x5 0, m”; y: Q, m/day/m

Table 5 - The model results for training set

The RMSE MAE ARE (%) R2

functions TLBO CRA TLBO CRA TLBO CRA TLBO CRA
Hyperbolic ~ 0.0031 0.0046 0.0033 0.0035 1.0101 1.0126 0.9992 0.9988
Linear 0.0070  0.0070 0.0058 0.0057 22710 2.9656 0.9968 0.9961
Exponential  0.0074 0.0082 0.0074 0.0073 32701 2.6687 0.9975 0.9973
Quadratic ~ 0.0061 0.0070 0.0034 0.0035 1.4267 1.4808 0.9988 0.9989
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Table 6 - The model results for testing set

The RMSE MAE ARE R2

functions TLBO CRA TLBO CRA TLBO CRA TLBO CRA
Hyperbolic ~ 0.0023 0.0026 0.0040 0.0046 0.8906 0.8916 0.9998 0.9989
Linear 0.0093  0.0035 0.0079 0.0059 1.6767 1.8379 0.9984 0.9982
Exponential  0.0071  0.0039 0.0130 0.0072 2.1848 2.2585 0.9978 0.9986
Quadratic ~ 0.0031 0.0038 0.0045 0.0035 0.8912 1.0263 0.9995 0.9992

It is clear from Tables 5 and 6 that the best-performing equations are obtained from
hyperbolic functions using the TLBO algorithm. The minimum error value in the training
and testing set was derived from HF with TLBO algorithm. The smallest ARE value for the
training and testing sets were 1.0101% and 0.8906%, respectively in TLBO algorithm, and
1.0126% and 0.8916%, respectively in the CRA. According to the presented results, TLBO
improved the performance of hyperbolic function by 32.6% in the training set, and by 11.54%
in the testing set compared to CRA. Considering the error values for different function types
(Tables 5, 6), it can be seen that the hyperbolic model gives the best result among all methods
in both training and testing sets. Nonetheless, the alternative models also demonstrated
exceptionally high performance, as evidenced by all R? values exceeding 0.99 with both
TLBO and CRA methodologies.

Table 7 - The model results for training set with CRA results as a benchmark

The

functions RMSE MAE ARE R?
Hyperbolic 0.0339 0.0032 1.7598 0.9499
Linear 0.0345 0.0041 2.0790 0.9400
Exponential 0.0344 0.0055 2.4532 0.9373
Quadratic 0.0321 0.0035 1.7883 0.9479
Table 8 - The model results for testing set with CRA results as a benchmark
Eﬂ:’c dons RMSE MAE ARE R?
Hyperbolic 0.0027 0.0022 0.6570 0.9808
Linear 0.0018 0.0009 0.8072 0.9794
Exponential 0.0060 0.0031 1.1121 0.9693
Quadratic 0.0049 0.0045 1.0773 0.9793
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In addition, the results from CRA were utilized as a benchmark to validate the effectiveness
of TLBO, and the outcomes obtained using TLBO were compared accordingly. Utilizing the
results of CRA, which is more widely used than TLBO, provided more logical and reliable
outcomes. The results of these analyses are presented in Tables 7 and 8 for the training and
test sets, respectively.

Tables 7 and 8 clearly demonstrate that the best performance is again achieved using
hyperbolic functions in the analyses where CRA results were used as a benchmark. The
minimum error values in both the training and test sets were obtained from HF. Although a
slight decrease in R? values is observed in the training set, the values remain between 0.93
and 0.95, indicating the model's robustness

5. CONCLUSIONS

In this study, for the first time, the ability of the Teaching-Learning-Based Optimization
(TLBO) algorithm to predict total seepage (Q) in an embankment dam, based on the hydraulic
and geotechnical properties of the clay core specifically saturated permeability (k) and van
Genuchten parameters (o and 7) is investigated. The main conclusions that can be drawn
from the present study are as follows:

e The comparison of results using various performance indices clearly indicates that the
best fit equations for each parameter are obtained from the hyperbolic function.

e The comparison of results demonstrates that the TLBO algorithm outperforms the CRA
algorithm in predicting Q, as evidenced by a higher R? value and lower error metrics.
For the training set, there was a 32% improvement in RMSE, a 5.7% improvement in
MAE, and a 19.84% improvement in ARE. Additionally, the R? value increased by 4.5%.
For the testing set, there was an 11.54% improvement in RMSE and a 13% improvement
in MAE.

e To evaluate the reliability of TLBO, additional analyses were conducted using CRA
results as a benchmark, comparing the performance of TLBO against CRA. The high R?
values, ranging between 0.93 and 0.95, confirmed the model's accuracy.

e The equations derived using the TLBO algorithms successfully predict Q. Given this
achievement, TLBO can serve as an effective optimization algorithm in seepage
problems. Thus, a reasonable and reliable approximation for Q can be provided made by
the equation obtained via TLBO.

e Based on the coefficients obtained, it is inferred that the probability distribution
parameters of o and n have a lesser impact on Q compared to the parameter ;.
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ABSTRACT

Piping and overtopping are the most important causes of earth-fill dam failure. Such dams
may erode under seepage, causing a reduction in the structural strength. The aim of this study
was to investigate the temporal evolution of the breach and flow rate from the breach
resulting from the piping in earth-fill dams. The experiments were carried out at Hydraulics
Laboratory of Civil Engineering Department of izmir University of Economics. The dam was
constructed by using a mixture consisting of 85 % sand and 15 % fine (low plasticity clay).
In the first scenario a circular tunnel with a diameter of 2 cm was created along the centreline
at 6 cm below the dam crest whereas in the second one it was located at the upper edge. Six
cameras at different locations recorded the evolution of the progress of the breach formation.
The pump flow rate was measured by magnetic flow meter, and the continuity equation was
used to calculate the flow rate values from the breach. The time-varied values of the total
breach areas were determined using the Gauss Area formula. The image processing method
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was also applied in the determination of the breach areas. The time-dependent changes of
water depth in the channel were also recorded. The obtained experimental findings are
presented and commented, together with the universal dimensionless curves. The failure of
the dams occurred mainly because of the head cut erosion developed from downstream to
upstream. When breaching started, the orifice flow was converted to open channel flow
where breach bottom behaved like a broad crested weir. In the second scenario, the rigid
lateral side considerably influenced the flow rate and the development of the breach. The
peak flow rate corresponding to the first scenario was found approximately 2.3 times greater
than that of the second one. The maximum values of all the breach parameters were reached
earlier in the case of the seepage along the centerline. The ratios between the values
corresponding to the first and the second scenarios were found as 3.25 and 1.75 for maximum
breach areas at downstream and at upstream sides, respectively. These ratios were 2.44 and
1.37 for the average breach widths at downstream and upstream sides, respectively. A very
good agreement was found between the area values obtained from Gauss area method and
image processing technique, in both scenarios. This fact demonstrated that either of these two
approaches can be used to determine the time-dependent breach areas. These experimental
findings provide the opportunities for the calibration and validation of the numerical models
used in the relevant numerical investigations. This study also offers guidance for the
strategies concerning emergency action plans related to the failure of homogeneous earth-fill
dams when the piping starts at upper part of the homogeneous earth-fill dams.

Keywords: Earth-fill dam, piping, breach geometry, breach development, discharge from the
breach.

1. INTRODUCTION

Piping due to seepage is considered to be one of the main causes of the dam failure. Piping,
caused by seepage, stands as a primary contributor to dam failures. Zhong et al. (2021) [1]
analyzed more than 3500 historical cases of embankment dam failures; one of the major
failure modes is due to piping/seepage accounting for 35% of all. Internal erosion
encompasses processes where soil particles are eroded within or beneath the embankment
due to seepage, manifesting itself as final mechanism of backward erosion piping [2]. Piping
is a process where seepage forces cause the removal of fine particles along a path from the
upstream to the downstream face of a structure [3]. As internal erosion progresses, piping
can lead to breaching, with the loss of material escalating the risk of collapse in geotechnical
structures due to high seepage pressures [4]. Once the piping channel becomes large enough,
the outflow through the breach increases, accelerating the failure. A notable example is the
Teton Dam failure, where initial piping triggered internal erosion through cracks in the key
trench fill, ultimately leading to the dam’s complete collapse, resulting in 11 fatalities and
extensive property damage [5].

Temporal development of the breach resulting from piping depends on various factors
including the porous medium characteristics, the flow parameters, the dams’ geometric
properties as well as the piping location. Earth-fill dams are more susceptible to internal
erosion and piping due to seepage. As internal erosion and piping due to seepage are the main
causes of failure in these dams, the control of seepage is extremely important in dam design
and construction [6].
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Soil composition plays a vital role in the breach initiation time, breach formation time, breach
width, breach height, and the peak outflow. These breaching factors present a significant
threat to life and property in the downstream of a dam [7].

Dhiman and Patra (2020) [7] investigated the influence of the soil properties on the breaching
process by means of small-scale cohesive and non-cohesive embankments. In all
experiments, the embankment height was 0.3 m with a crest width of 0.1 m. The mean particle
size (dso) of CL soil and sand were 0.018 mm and 0.52 mm, respectively. The average breach
width decreased by 67.5% when the proportion of fine particles was increased from 6% to
16%. Zhu et al. (2011) [8] built 5 embankments (1 with pure sand and 4 with various sand-
silt-clay mixtures) to investigate breach evolution. They found that cohesive soil
embankments eroded slowly and were significantly affected by head cut erosion. Morris et
al. (2008) [9] revealed that instead of simplified approaches, more realistic approaches are
required about the breach mechanism as well as the breach geometry and flow through the
breach.

Zomorodian et al. (2020) [10] constructed homogeneous earthen dams 0.15 m high, 0.35 m
wide and created a groove of 1 cm square at 14 cm from the bottom. The test material was a
mixture of uniform sand and fine-grained soil. Their results revealed that the initiation and
development of the erosion by overtopping depended on the soil compaction level. Sharif et
al. (2015) [11] investigated the piping erosion process in an earthen embankment by creating
a hole at the bottom of the dam to initiate the piping. The soil mixture used in these
experiments consisted of 64% medium sand, 29% silt and 7% clay. They obtained empirical
formulas to predict the erosion depth, the area of vertical erosion and the eroded volume. The
ratio of the average erosion depth to the average erosion bottom width was found to be close
to one. Elkholy et al. (2015) [12] investigated the piping erosion process in an earthen
embankment by creating a hole at the bottom of the dam to initiate the piping. Different soil
mixtures classified as silty sand were used with constant upstream head. The researchers
reported the occurrence of the maximum depth of erosion on the upstream side and the
maximum bottom width of erosion on the downstream side.

Annunziato et al. (2024) [13] analyzed the Derna dam break event that occurred in Libya in
September 2023. They modelled the dam break, estimated the flood extent, established its
timeline, and compared the model results with the available qualitative or quantitative post-
event information.

In various numerical studies, the shape of the breach is typically considered trapezoidal.
However, the breach shape actually depends on several parameters including the dam
geometry, soil properties, hydraulic conditions as well as the seepage location. Numerous
experiments with different scenarios are needed to provide accurate data for use in numerical
analyses. Since many images in the literature show breaches in their last stages, it is also
important to identify and take into account how the geometry of the breach changes with
time.

In the literature, there have been many studies on dam failures, particularly those caused by
overtopping, but there exist limited piping experiments because of relative difficulties to
perform them. This study is a part of the project TUBITAK 119M609, supported financially
by the Scientific and Technological Research Council of Turkey. The aim of this project is
to investigate the temporal evolution of the breach and flow rate through the breach resulting
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from piping starting at different locations of the earth-fill dams. The experiments were
carried out at Hydraulics Laboratory of Civil Engineering Department of izmir University of
Economics. The experiments were performed on homogeneous earthen dams, constructed
from a mixture of 85 % sand and 15 % fine (low plasticity clay). For the first scenario, a
circular tunnel with a diameter of 2 cm was created along the centerline, 6 cm below a
homogeneous dam crest whereas in the second one it was located at the upper corner. These
scenarios were presented in two different international scientific meetings [14, 15]. The
experiments were performed by designing and building dam bodies in laboratory flumes with
significant dimensions compared to those available in the literature concerning such
experiments performed in the laboratory. The experimental setup, experimental procedures,
and soil properties are described in detail. The obtained experimental findings are presented
and commented. The objective of this study is to conduct experiments to investigate the
development of dam failure resulted from the piping starting at upper part of the earth-fill
dams to provide insights into the breach mechanism and data to the relevant researchers who
deal with numerical analyses and emergency action plans.

2. EXPERIMENTAL PROCEDURE

The experimental dam was built in a rectangular channel of 1 m wide, 0.81 m high and 5.44
m long, as shown in Fig. 1. The dam having a height of 0.6 m, a bottom width of 2 m and a
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Figure 1 - Experimental system (a) side view, (b) plan view (All dimensions are in cm)
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crest width of 0.20 m was built in the upper channel. The slopes of the upstream and
downstream sides were set to 1:1.5. Water circulated between the lower reservoir and the
upper channel by means of a pump. Soil mechanics tests were carried out in the laboratory
before the construction of the dam.

The grain-size distribution curve for soil mixture obtained from sieve analysis (ASTM D-
6913) and hydrometer analysis (ASTM D-7928) is given in Fig. 2a. Some characteristic
diameter values are as follow; D10=0.006 mm, D3;;= 0.075 mm, Dsy= 0.3 mm, and D= 0.4
mm. The coefficients of uniformity and gradation were found as C, =66.7 and C. =2.34,
respectively. The soil classified as Clayey Sand with a corresponding symbol SC according
to Unified Soil Classification System. The specific gravity for the mixture was found as SG=
2.63 (ASTM D854 —23).

Proctor test (ASTM D-698) was performed to obtain the maximum dry unit weight and the
optimum water content (Fig. 2b). From Fig. 2b, Yy max= 1.794 gr/cm?® and wop = 12.5 %. In
the experiments, the energy was reduced by 50 % in order to facilitate the occurrence of
piping. The applied compaction energy was 309 kJ/m®. Hence, the number of blows applied
for each layer during the construction of the dam was 13 instead of 25. In the experiments,
the bulk density of 1.997 g/cm® was satisfied for each layer. Before the compaction, each
layer was 14 cm thick and after the compaction it was reduced to 10 cm.

The constant head permeability test (ASTM D-2434) was performed to determine the
hydraulic conductivity of the mixture. The coefficient of permeability was obtained as
k=0.00047 cm/s. From the Atterberg test (ASTM D-4318), LL was found to be equal to 17.5
%. From the direct shear test (ASTM D-3080) two important parameters for the soil were
evaluated as cohesion c= 15.33 kPa and internal friction angle ¢ = 33.93°. According to the
consolidation test (ASTM D-2435-04) results, the compression index C, =0.1, the swell index
Cs = 0.007, the recompression index, C; = 0.009, and Ecq= 35714 kPa. The unconfined
compression test (ASTM D2166-00) was realized with 3 different loading increments. The
unconfined compression index Cy, value was found as 9.95 kPa.
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Figure 2 - a) Grain size distribution of soil mixture with sieve analysis and hydrometer
analysis b) dry density versus water content graph
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The properties of the mixture used in the dam construction are summarized in Table 1.

Table 1 - Soil mixture Properties

% Fine (Low plasticity clay) 15
% Sand 85
Cohesion, ¢ (kPa) 15.3
Angle of Friction, ¢ (°) 339
Specific Gravity, SG 2.63
Dso (mm) 0.3
The coefficient of Permeability (cm/s) 0.00047
Liquid Limit, LL (%) 17.5
Optimum Water Content (%) (25 blows) 9.8
Max. Dry Density (g/cm?®) (25 blows) 1.886
Optimum Water Content (%) (13 blows) 12.5
Max. Dry Density (g/cm?®) (13 blows) 1.794
Oedometric modulus of deformation, Egcq (kPa) 35714

The dam was constructed layer by layer. Each layer of 14 cm was compacted so that its
thickness becomes 10 cm by using Proctor Hammer and plate. Some construction stages and
finished shape of the dam body are given in Fig. 3.

Figure 3 - Some construction stages: (a) Compacting by proctor hammer, (b) After
compaction of the first layer, (c) After compaction of the last layer, (d) Final shape

Initial Tunnel

Ha =60 cm Ha =60 cm

(2) (b)

Figure 4 - Schematic views of the dam body corresponding to seepage a) along centerline
b) at corner
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In order to generate the formation of the breach, a circular hole of 2 cm diameter lying from
upstream to downstream was created at 54 cm from the bottom of the dam body (Fig. 4).

3. EXPERIMENTAL RESULTS

The pump flow rate was measured by a magnetic flowmeter. The evolution of the dam failure
was recorded by six cameras placed at different locations. In order to adjust the water level,
an electromagnetic sensor was attached which starts and stops the pump when water depths
in the channel were 0.540 m and 0.555 m, respectively.

The ratio of the local hydraulic gradient to critical hydraulic gradient determines whether the
local particle migrates by seepage forces [16, 17, 18 and 19]. The critical hydraulic gradient,
i¢y, was calculated by i, = W/ﬂ
weight, and y,, is the unit weight of water [16]. In this study, by using respectively numerical

values of 0.32, 21.2 kN/m?, and 10 kN/m’, it was obtained as i, = 0.76.

; where n is the porosity, ¥, is the saturated unit

3.1. Case 1: Piping at the Upper Part along the Centerline

The temporal developments of the breach recorded by the cameras located at downstream
and upstream of the dam are given in Fig. 5 and Fig. 6, respectively. The time t=0 corresponds
to the starting of the seepage [15, 19]. As seen in Figures 5 and 6, there was head cut erosion
proceeding from downstream to upstream. The breach formation started at downstream side
first and progresses backward to upstream side.
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Y

t=230s =280 t=380s

Figure 5 - The temporal development of the central breach at downstream

t=160s t=180s
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Figure 6 - The temporal development of the central breach at upstream

The water depths in the channel were obtained from the related camera recordings.

The discharge of water outgoing from the breach was determined by using the continuity
equation:

AS=(Qmp QA ()

where Q
pump
AS is the storage in the channel during the time interval At.

is the flow rate delivered by the pump, Q is the discharge from the breach, and

The time-varied water level in the upstream reservoir and average discharge from the central
breach are given in Fig. 7.
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Figure 7 - Time-varied water level in the upstream reservoir and average discharge from
the central breach

The maximum discharge from the breach was calculated as Qmax=8.31 L/s at t=245 s.

The geometry of the breaches was obtained by examining the images of the cameras located
at upstream, downstream and lateral sides. In order not to work with fisheye images, the
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videos acquired from lateral camera recordings were edited and straightened using the Hit-
film-Express version 2021.1. Besides, extra sensitive solutions were applied to ensure that
the images were completely flat. The images obtained from the records corresponding to a
certain time were scaled and the boundary coordinates of the breaches were determined in
the Get-data Graph Digitizer 2.26 environment.

The time-varied breach areas were calculated by using the Gauss area formula:
1 1
Area = 2 Yity X (Viv1 = Yie1) =5 Ziz1 Vi(Xier — Xi-1) ()

where n is the number of sides, x; and y; represent the abscissa and ordinate in the coordinate
i, respectively.

The temporal variations of the central breach area at downstream and upstream are presented
in Fig. 8.

During the experiment, the breach initiated on the downstream side and then evolved towards
to upstream side. As expected, there was a delay in the evolution of the breach at upstream
side. At downstream the breach reached its maximum value at t=370 s and remained nearly
constant while at upstream side the evolution of the breach continued, and its maximum value
was greater than that at downstream.
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Figure 8 - Temporal variations of the central breach area at downstream and upstream

The maximum breach surface area at the upstream was found to be Aumax= 3128.7 cm? at
t=520s.

At downstream A gma= 2379.3 cm? at t=370 s and remained unchanged afterwards.

3.2. Case 2: Piping at the Upper Part Corner

This scenario was realized to enable better visualization of the breach development by means
of the transparent glass side and the temporal developments of the breach recorded by the
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cameras located at downstream, upstream and lateral side of the dam are shown in Figs. 9,
10 and 11, respectively. The time t=0 indicates the beginning of the seepage [14, 19].

t=1020s t=1360s t=1700s 1=2040s

Figure 10 - The temporal development of the corner breach at upstream

t=0s t=220s t=340s
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t=1700s 1=2040s

Figure 11 - The temporal development of the corner breach at lateral side

The time-varied water level in the upstream reservoir and average discharge from the corner
breach are given in Fig. 12.

Discharge (L/s) = = = Water level in the reservoir (cm)
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Figure 12 - Time-varied water level in the upstream reservoir and average discharge
through the corner breach

The maximum discharge from the breach was calculated as Qmax=3.64 L/s at t=320 s. The
peak flow rate was found to be quite smaller compared to that found in the 1% scenario (8.31
L/s) and this value was reached later (320 s instead of 245 s.).

The temporal variations of the corner breach area at downstream, upstream and lateral side
are presented in Fig. 13.
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Figure 13 - Temporal variations of the corner breach area at downstream, upstream and

lateral side

Some comparative experimental findings are given in Table 2.

The maximum values of all the parameters given in Table 2 were reached earlier in the case

of the seepage along the centerline.

Table 2 - Comparison of some experimental parameters

Case (Scenario) number

1

2

Location of the seepage

Upper center

Upper corner

Max. flow rate Qmax (L/s) 8.31 3.64
to= time to reach Qmax (S) 245 320
Max. breach area at downstream A gmax (cm?) 2379 733
te=time to reach Agmax (S) 370 1080
Max. breach area at upstream Aymax (cm?) 3129 1792
t,=time to reach Aymax (s) 520 1950
Max. avg. breach width at downstream Bgmax (cm) 22 9

tg g=time to reach Bgmax (S) 370 520
Max. avg. breach width at upstream Bymax (cm) 41 30
tg,y=time to reach Bumax (S) 390 580

109



Experimental Study of Evolution of Breach Resulting from Piping at Upper Part of ...

Likewise, it was observed that the breach started at the downstream side and then developed
towards to upstream side. The delay in the development of the breach at upstream was found
to be smaller compared to the 1% scenario. The breach surface area of the upstream was
recorded at a maximum level of Aumax=1760 cm? at t =1800 s. At downstream Agmax= 732
cm? at t=1080 s and remained unchanged, also Ajpmax= 1875 cm? at t=1800 s.

4. USE OF IMAGE PROCESSING TECHNIQUE TO ASSESS THE EVOLUTION OF
BREACH

The image processing technique was also used to monitor the erosion process for the breach
surface area.

Since it was not possible to apply spray paint to the glass side, the surface where erosion
occurs was painted with green colour on Matlab environment by using “drawpolygon”
command in order to display the eroded area for the case 2.

Matlab Color Thresholder — HSV was used to detect the breach surface areas. The breach
areas were obtained by adjusting the HSV colour space. In this study, H, S, and V values
were adjusted to detect colours other than green.

Fig.14 illustrates the bottom erosion lines and the average erosion depths corresponding to
the 2™ case.

60 120 180 0 50 100 150 200 250 300 350
Distance in x-direction (cm) Time (s)

(a) ()

Figure 14 - a) Bottom erosion lines for every 30 seconds (starting from t=10 sec) b)
Temporal variation of the average erosion depths for case 2

As seen from this figure the average breach depth developed rather slowly in the first half of
the experiment period while it developed nearly twice as fast in the second half. Besides,
when the first half of the experiment period was completed, the edge of bottom erosion line
reached the upstream surface of the dam, and then it was observed that there was an increase
in the development of breach depth at the second half of the period.

The time dependent image processing using Matlab Color Thresholder for downstream and
upstream sides of the dam corresponding to the 1% case are given in Figs. 15 and 16,
respectively.
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Figure 15 - Time dependent image processing using Matlab Colour Thresholder for
downstream — HSV. a) Original picture from experiments. b) Cropped Image c) After
Colour Thresholding for case 1

Figure 16. Time dependent image processing using Matlab Colour Thresholder for
upstream - HSV. a) Original picture from experiments. b) Cropped Image c) After Colour
Thresholding for case 1

Figure 17 represents the evaluation of eroded lateral area at different time instants for the
2™ case.
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Figure 17 - The evaluation of eroded side area at different time instants a) t=10 sec, b)
t=70s, c) t=130 sec, d) t=190 sec, e) t= 250 sec, f) t=310 sec for case 2

The calculated breach area values were compared with those obtained from the Gauss Area
method (Figs. 18 and 19).

GaussAreamethod ™ ImageProcessing Gauss Area method B ImageProcessing
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2 % 300000 -
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Figure 18 - Comparison of Gauss Area method and Image Processing results for case I a)
at downstream b) at upstream
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Figure 19 - Comparison of Gauss Area method and Image Processing results for the 2"
case

A very good agreement was found between the area values obtained from these two different
approaches for both cases 1 and 2. Consequently, it was demonstrated that either of these
approaches can be used to determine the time-dependent breach areas.

5. COMPARISON OF THE EXPERIMENTAL RESULTS BY DIMENSIONLESS
CURVES

The dimensionless time-dependent curves were also generated to obtain the universal curves
which can be used in the cases of homogeneous earth-fill dams having different dimensions
and under various hydraulic conditions.

The dimensionless parameters are generated by dividing the time dependent values of the
parameter in question to its maximum value. The time elapsed to reach the maximum flow
rate Qmax 1s denoted by to Similar subscripts are used for the maximum value of other
parameters. The obtained dimensionless time varied flow rates, breach areas and breach
widths versus dimensionless time curves are given in Figs 20, 21, 22, 23 and 24, respectively.

It was revealed that the dimensionless flow rates versus dimensionless time could be
considered as two segment lines with two different slopes and two different stages, the first
slope being smaller. The first stage lasted much longer in the 1% scenario.

The dimensionless breach areas versus dimensionless time in the 2" scenario could be
approximated to two segment lines while in the 1% scenario the linear behavior appeared only
in the first stage.

The tendency of the dimensionless curves at upstream were found to be very different in the
1%t and 2" scenarios. The evolution of the dimensionless breach areas was nearly exponential
in the 1st scenario whereas the evolution can be considered as combination of the straight
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Figure 20 - Dimensionless flow rates versus dimensionless times curves
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Figure 21 - Dimensionless breach areas at downstream versus dimensionless times curves
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Figure 22 - Dimensionless breach areas at upstream versus dimensionless times curves
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lines when the seepage initiated at corner. Besides, the upstream breach area was significant
when t=0.4 t, in the 2™ scenario while at this time the breach area was quite small and then
increased significantly in the 1st scenario.
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Figure 23 - Dimensionless breach widths at downstream versus dimensionless times curves

When t= 0.50 tgq4 the breach width at downstream was almost Bq= 0.85 Bgmax in the 2™
scenario, while B&= 0.58 Bymax in the case of the 1% scenario.
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Figure 24 - Dimensionless breach widths at upstream versus dimensionless times curves

When t= 0.50 tg, the breach width at upstream was approximately B,= 0.48 By max in both
cases. In the 2" scenario, the dimensionless breach width developed continuously but in the
1% scenario there was no change in dimensionless breach width beyond t= 0.76 tgy.
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Nevertheless, the best compatibility was obtained in the case of the dimensionless upstream
breach widths for both scenarios.

6. CONCLUSIONS

In this study, the failure of dam occurred mainly because of the head cut erosion. Head cut
erosion directly started at the downstream surface of the dam where seepage initiated. While
the water was seeping through the circular tunnel the material of the dam was moved away.
Due to eroded material, piping enlarged causing the transportation of more material. Head
cut erosion developed from downstream towards upstream. When breaching started, the
orifice flow was converted to open channel flow where breach bottom behaved like a broad
crested weir. At the same time, breach experienced widening until head cut reached the
upstream surface. Afterwards, breach continued to enlarge longitudinally toward to channel
bottom.

The breach areas obtained by using the Gauss area functions were found to be in accord with
those obtained from the image processing method.

In the 2" scenario, the lateral side being rigid influenced considerably the flow rate and the
development of the breach. The peak flow rate corresponding to the 1% case was found to be
approximately 2.3 times greater than that of 2" case.

The maximum breach areas and average breach widths were found to be lower in the 2nd
case due to the limited available space for the breach development. Consequently, the ratios
between the values corresponding to the 1% and 2™ scenarios were found as 3.25 and 1.75 for
maximum breach areas at downstream and at upstream sides, respectively. These ratios were
2.44 and 1.37 for the average breach widths at downstream and upstream sides, respectively.

This study revealed the temporal development of the breach mechanism in the cases where
the seepage is located at the upper middle or upper corner of homogeneous earth-fill dam. In
both cases the maximum breach areas and average breach widths at upstream side of the dam
were found to be greater compared to those observed at downstream.

The dimensionless curves corresponding to time-dependent flow rates, breach areas and
breach widths were also generated in order to get universal curves, making possible their use
in the cases of other homogeneous earth-fill dams having different dimensions and under
various hydraulic conditions, when the seepage starts at upper part of the dams.

These experimental findings provide the opportunities for the calibration and validation of
the numerical models used in the relevant numerical investigations. This study also offers
guidance for the strategies concerning emergency action plans related to the failure of
homogeneous earth-fill dams when the seepage starts at upper part of the dams.

Since the piping phenomenon is a complicated phenomenon depending on several factors, it
would be very useful to perform numerous experimental studies on the homogeneous earth-
fill dams constructed with different mixtures, possessing different geometry with different
piping locations. It would also be interesting to perform such experiments on earthen dams
with clay core. A numerical model calibrated and validated according to such experimental
findings would make possible the investigation of the behavior of the real dams in the case

of piping.
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Symbols
Aqg : temporal breach area at downstream
Ay : temporal breach area at upstream

Aumax @ maximum breach area at upstream
Admax @ maximum breach area at downstream

Amax  : maximum lateral breach area

Bqg : temporal breach width at downstream
B, : temporal breach width at upstream
C : cohesion

C. : coefficient of gradation or compression index
CL : low plasticity clay

(0N : swell index

Cu : coefficient of uniformity

Cun : unconfined compression index

C: : recompression index

D : grain diameter

Eoed : Oedometric modulus of deformation
Hq : dam height

I : coordinate

fer : critical hydraulic gradient

k : coefficient of permeability

L : dam length

LL : Liquid Limit

n : porosity

SC : clayey sand

SG : specific gravity

Q : discharge from the breach

Qmax  : maximum flowrate from the breach

Qpump : flowrate delivered from the pump
Xi : abscissa

Vi : ordinate
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Wopt
AS
At
Yw
Vsat

: optimum water content
: storage in the channel

: time interval

: unit weight of water

: saturated unit weight

Ydrymax - maximum dry unit weight

¢

: internal friction angle
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