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Modeling of Asphalt Pavement Surface Temperature for
Prevention of Icing on the Surface

Hiiseyin AKBULUT!
Lale ATILGAN GEVREK?*
Murat AY?

ABSTRACT

Hydronic heating systems are emerging as one of the best methods, which are
environmentally friendly, clean, and sustainable modern ice prevention methods, an
alternative to traditional ice precautions in the pavements. In this present study, temperatures
were measured on asphalt samples prepared using the hydronic heating system when the air
temperature in situ fell below 0 °C. T (minute), the temperature of influent (°C), air
temperature (°C), temperature of effluent (°C) and pavement mean temperature (°C) were
measured for four different asphalt samples. The results of the measurements were then
modeled separately for four samples (345%4=1380 data) by using multiple linear regression
(MLR), multi-layer perceptron (MLP), and radial basis neural network (RBNN). The results
were discussed as tables and graphs. The performances of the models were evaluated using
the root mean square error (RMSE), mean absolute error (MAE), and determination
coefficient (R?). According to the results, the RBNN models of four inputs had the best
performance for each sample. The RBNN (4,0.6,9) model, which refers to 4-inputs, spread
coefficient of 0.6 and hidden nodes of 9, of sample-3 with RMSE=0.76 °C and MAE=0.63
°C and R?>=0.91 had the best performance among all models. In addition, it is thought that
the models having low errors in this concept can be evaluated for early warning systems for
the ice condition of the roads.

Keywords: Ice prevention, modeling of pavement temperature, traffic safety.
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Modeling of Asphalt Pavement Surface Temperature for Prevention of Icing on the Surface

1. INTRODUCTION

Snow and icing cause unsafe pavement surfaces for both pedestrians and motor vehicle
traffic. At the same time, the chemicals used for defrosting or prevention both harm to the
environment and create an economic burden to the countries [1, 2, 3, 4, 5, 6]. As another
method for anti-icing on the pavements, hydronic heating systems have been used in many
countries. This system circulates a heated fluid through a network of pipes placed under the
pavement to melt the snow and ice in the pavement, and this liquid is a solution of salt and
water or liquids such as oil and glycol [7]. The pipe network usually consists of systems laid
in a crimped configuration. The material of the pipe is usually cross-linked or high-density
polyethylene. Typical pipe ranges from 150 to 300 mm and depth from 50 to 75 mm. Nominal
pipe diameters are usually between 18 and 25 mm. Various liquids such as saltwater, oils and
glycol water are suitable as heat carrier fluids in hydronic heating systems. The heat source
to be used for hydronic heating systems is an important choice [8]. Some sources such as
boilers, electric heaters, groundwater, and ground source heat pumps can be used for such
systems [9, 10]. Pipe materials used to convey hot water are metal or plastic. Steel, iron, and
copper pipes have been widely used over the past years; however, these pipes are corroded
easily. Therefore, plastic pipes are now more widely used, and the life span of such plastic
pipes is more than 50 years [11, 12, 13, 14, 15].

The icing occurs as a result of frost, fog passing over a cold road surface, groundwater
seepage or melting snow, and freezing with precipitation. In addition, when the snow height
reaches approximately 5 cm, it is necessary to remove the snow from the road surface. If the
necessary snow control is not achieved, the accumulated snow can become the compressed
form under traffic loads and turn into an ice sheet. In addition, because bridges and viaducts
are built independently from the soil, they are affected by icing much faster than other
highway elements depending on the atmospheric conditions. These different road conditions
are very critical and may cause heavy traffic accidents that may cause pecuniary loss and
intangible damages [13, 16, 17, 18].

As it can be understood from these studies, it is very important to prevent or reduce icing on
the road surface in real applications. From a theoretical point of view, some modeling studies
have been implemented on hydronic heating systems and the normal pavements. For
example, Chiasson et al. [19] examined a design and simulation tool to model the
performance of a hydronic heating system. A sample application was simulated to
demonstrate the feasibility of the heating system. Minhoto et al. [20] proposed that a three-
dimensional finite element model was developed to calculate the temperature of a pavement
located in northeast Portugal. Liu et al. [21] performed an experimental validation for the
numerical model in an experimental setup to melt the snow on the road. The model can
estimate snow, ice and water conditions of snowmelt on hydronic heated pavements. Liu et
al. [22] defined a numerical model of a heated pavement and the snow melting processes
occurring on its surface. A set of boundary conditions that allow the treatment of various
surface and weather conditions associated with storm events were defined. Wang and Chen
[23] investigated the mechanism of the critical free area ratio during snowmelt pavement and
the factors affecting it, using fluids such as geothermal water and industrial wastewater. A
simplified theoretical model is presented to explain the heat and mass transfer process on the
coating. They found that the model was effective for predicting the critical free area ratio in
the snowmelt process. Xu and Tan [24] developed a heat and mass-related model for
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pavement snow melting systems using low-temperature heating fluids. They used this model
to simulate the performance of hydronic heated pavement using the HVACSIM Plus
program. Xu et al. [14] developed a two-dimensional heat and mass coupled model for
hydronic heated pavements. The numerical algorithm can calculate the surface condition,
temperature/moisture content in the coating profile. Mirzanamadi et al. [25] developed a two-
dimensional numerical model to investigate how different design options affect the efficiency
of hydronic heating coating systems. Meteorological data from the Ostersund region of
Sweden were used, and they found that the distance between pipes had a significant effect on
reducing icing. Johnsson and Adl-Zarrabi [26] made a numerical model for designing low
temperature (4-8°C) hydronic heated pavements. The model was validated with an
experimental setup. They found that the developed model can be estimated with an
RMSE<1.4 °C for surface temperatures and RMSE <0.4 °C for the effluent water temperature
in the behavior of a hydronic heating system. In our study, the best estimation model
(RBNN(4,0.6,9)) of the asphalt surface temperature gave RMSE=0.76 and MAE=0.63. Chen
et al. [27] proposed a comprehensive review of existing models developed for predicting
pavement temperature and discussed the effective variables in modeling of pavement
temperature. Zeiada et al. [28] studied the effect of different design factors on asphalt
pavement performance in cold regions by climate factors, such as temperature and
precipitation. They determined the most significant design factors prevailing in cold climate
conditions. Mirzanamadi et al. [29] examined the applicability of a hydronic heated pavement
system for the creation of road surfaces that store solar energy and prevent icing in summer.
A hybrid 3D numerical simulation model was used to analyze solar energy storage and anti-
icing processes. Climate data were obtained in Ostersund, Sweden. The proposed system
could reduce the slippery time of road surfaces by up to 85%. Zhao et al. [30] implemented
a hydronic snow melting system in Harbin, China. According to the experimental results, a
two-dimensional model was developed. For the first time, the snow microstructure was
considered in the model for the hydronic snow melting system. Three variables (buried pipe
depth, buried pipe spacing, and supplied fluid temperature) were compared and analyzed to
optimize the design of the hydronic snowmelt system in cold regions. They found that the
snow can be cleared in about 4.5 hours (270 minutes). Marcelino et al. [31] designed a general
approach for the development of pavement performance prediction models using machine
learning techniques. Rigabadi et al. [32] developed the pavement temperature prediction
models based on remote sensing data, multiple linear/non-linear regression and artificial
neural network by using variables such as air temperature, solar radiation, wind speed, and
humidity. Tabrizi et al. [33] developed a new model for hourly real-time forecasting of
pavement temperatures. Zhao et al. [30] developed a temporary two-dimensional model to
analyze the effects of three main variables to optimize the design of a hydronic snowmelt
system. One of them is the inlet water temperature. In our study, it has also been revealed
that the inlet water temperature is an important variable in the estimation of asphalt pavement
temperature. Xu and Tan [24] emphasized that the ambient temperature and the heating fluid
temperature are the two main factors in the snow melting performance.

The properties of the hydronic heating systems were tested both in the above-mentioned
studies and in a thesis [15]. At this point, it was thought that these models obtained from the
above-mentioned previous studies could be evaluated as an alternative to the systems that
estimate and warn especially about icing on the roads. It is known that hydronic heating
systems are expensive in terms of system cost. However, there may be systems that are
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suitable to be built based on the cost-benefit analysis. It is known that the costly part in this
type of systems is the heating source. The cost can be reduced by using geothermal energy
from renewable resources as a heat source. Moreover, the performance of this modeling
assumption can be proven theoretically, as mentioned in the above studies. At this point, the
performance of the modeling results of the samples were tested by using both classical and
innovative modeling methods for four asphalt samples under real outdoor conditions.
Moreover, other aims and different aspects of this study from previous studies are: to assess
the accuracy of the MLR, MLP and RBNN for estimation of pavement surface temperatures;
to examine model’s performances using four experimental samples (345x4=1380 data), and
to present a support model to the early warning systems for icing on the roads.

2. EXPERIMENTAL MATERIAL AND DATA

The experiment results of four asphalt samples were used in the modeling. These samples
were prepared to verify the samples' behaviors in the equivalentenvironmental conditions.
Also, the four same samples were prepared to verify and compare the experiment’s results.
Metal molds in the form of 40x40x20 cm were prepared. After the four asphalt samples were
prepared, they were brought to the laboratory. An electric combi boiler was used as a heat
source for the water to circulate in the system, placed in the laboratory to simulate the
geothermal energy. The capacity of the combi boiler was of 24 kW. 18 mm diameter pe-x
pipes were used in the hydronic heating system. Pipes were placed at 15-cm spacing. Photos
of the asphalt samples are shown in Figure 1.

Figure 1 - Preparation of asphalt samples with hydronic heating system

The pipe spacing used in the sample studies was determined in accordance with that in the
literature. Mold dimensions were decided by considering the determined pipe spacing. A
larger size was not considered due to difficulties in the manufacturing and transportation
processes. The snow-covered sections was photographed shortly after the start of the heating
as shown in the figure. After a certain period of time, there were no snow-covered areas. Ice
melting time was not taken into account in the study. Because the system is being operated
before the air temperature drops below zero (0) degree Celsius, ice formation is not foreseen.
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Pe-x pipes are manufactured by crosslinking high density polyethylene molecules. Cross-
links also increase the temperature and compressive strength of the material. Pe-x cross-
linked polyethylene pipes can be used for applications where flexibility as well as long-term
resistance to high temperature and pressure is required. The parts of the pipes in situ the
laboratory were wrapped with insulation material. Similarly, when hot water was circulated
in the hydronic system inside the asphalt samples, the four sides and the bottom of the asphalt
samples were wrapped with insulation materials. It is thought that the use of hydronic heating
system on asphalt pavement roads can prevent low-temperature cracks that will occur as a
result of the reduction of tensile stresses occurring in the wear layer in the heated
superstructure and thus contribute positively to the service life. The experimental setup in the
laboratory is shown in Figure 2.

Figure 3 - Measurements of asphalt surface temperatures with thermocouples

During the datasets acquisition process, one data logger and eight thermocouples measuring
temperature were used for the measurements of asphalt surface temperature, air temperature,
and influent and effluent water temperatures. The measurements were made on four asphalt
pavement samples with a hydronic heating system, using water inlets at 30-40 °C water
temperatures for about 2-hour in real weather conditions. The measurements were taken
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when the air temperature was below 0°C. To measure the surface temperature of the asphalt
samples, four thermocouples were placed at the corner points and one thermocouple was
placed at the midpoint of the asphalt surface (see Figure 3). At the same time, influent water
temperature, effluent water temperature, and air temperature measurements were made with
a thermocouple, as can be seen in Figure 3. The data was then stored into the personal
computer.

In order to model the pavement, mean temperature (°C), the experimental variables, T
(minute), the temperature of influent (°C), air temperature (°C) and temperature of effluent
(°C), were used in the analysis. Before starting the analysis, the Pearson correlation test,
which reveals the relationship between independent variable/variables and dependent
variable, was performed. The test results were analyzed at the two-tailed hypothesis test and
the significance level of 0.01 (1%). In this context, Table 1 shows the correlations of each
independent variable with the dependent variable for all raw data (345x4=1380) of four
samples. According to Table 1, the correlation coefficients (r) between time (minute), the
temperature of influent, temperature of effluent and the pavement mean temperature were
calculated as +0.799, +0.081, and +0.086, respectively. Accordingly, it can be said that the
time has a statistically significant and strong relationship with the pavement mean
temperature, and it is also statistically significant with the temperature of the influent and the
effluent. Although the correlations of the temperature of influent and temperature of effluent
with the pavement mean temperature had low values, they were used in the models because
they were statistically significant, as stated in Table 1. A statistically significant relationship
between the air temperature and the pavement mean temperature was not observed, but the
physical effects of the in-situ environment were considered in the models. In this case, the
error values and graphs formed by adding the air temperature to the models were examined
in detail below.

Table I- Pearson correlations matrix of the measured variables in the experiments

Independent variables Depe.ndent
variable
Variable . Temperature Temperature Air Pavement
Time . mean
. of influent of effluent  temperature
(minute) o o o temperature
(9] ©0O) ©0) oC
©C)
Time(minute) 1 -0.144* -0.156" -0.004 +0.799"
Temperature of * * X *
influent(°C) -0.144 1 0.868 0.205 +0.081
Temperature of * * * *
effluent(°C) -0.156 0.868 1 0.137 +0.086
Air s *
temperature(°C) -0.004 0.205 0.137 1 +0.044
Pavement mean « « .
temperature(°C) 0.799 0.081 0.086 0.044 1

*

: Correlation is significant at the 0.01 (1%) significance level in the two-tailed hypothesis test. The
relationship of other variables with the modelled variable (pavement mean temperature (°C)) is statistically
significant except for air temperature.
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Basic statistics of the four asphalt samples are presented in Table 2. The high variation
coefficients of pavement mean temperature can be seen for four asphalt samples. T (minute),
the temperature of influent (°C), air temperature (°C), and temperature of effluent (°C) had
not high variation coefficients. Air temperatures for four asphalt samples had below 0 °C.
The temperature of influent (°C), temperature of effluent (°C) and pavement mean

Table 2 - Basic statistics of the variables in the experiments

Mean Minimum Maximum Standard Skewness Kurtosis Variation
value value deviation coefficient coefficient coefficient
Time(minute) 57.00 0.00 114.00 33.24 0.00 -1.20 0.58
Temperature of ¢ 5 26.60 58.10 4.92 1.67 3.96 0.13
e influent (°C)
o
Il i
2| Airtemperatur - ; 5, -9.30 -5.00 0.73 -0.13 0.52 -0.10
> ©C)
$ Temperature of
§ effluent (°C) 3333 23.30 51.50 4.57 1.16 2.52 0.14
vy
Pavement mean
temperature 1.24 -7.22 6.56 3.44 -0.34 -0.59 2.79
(°C)
Time(minute) 57.00 0.00 114.00 33.24 0.00 -1.20 0.58
Temperature of
«| influent (°C) 39.20 18.10 61.90 8.32 0.14 -0.69 0.21
o
Il Aij
2| Air temperature ¢ ) -9.20 -2.20 145 0.12 046 022
o o
$ Temperature of
§| effluent (°C) 33.28 14.70 50.50 5.26 0.65 0.47 0.16
v
Pavement mean
temperature 225 -7.58 10.12 4.14 -0.16 -0.44 1.84
(°C)
Time(minute) 57.00 0.00 114.00 33.24 0.00 -1.20 0.58
Temperatureof 34 g 14.40 53.50 496 0.24 1.06 0.13
e influent (°C)
o
Il Aij
2| Air temperature ;¢ -10.10 -4.50 127 1.01 0.46 -0.16
4 co
= Temperature of
§| effluent (°C) 32.50 12.30 50.90 4.17 0.72 2.86 0.13
vy
Pavement mean
temperature 1.84 -8.08 7.94 3.65 -0.69 -0.05 1.98
°C)
Time(minute) 57.00 0.00 114.00 33.24 0.00 -1.20 0.58
Temperature of
| influent (°C) 36.06 5.60 44.40 4.60 -0.57 4.13 0.13
o
Il Aij
2| Air temperature -, 75 -13.00 -6.80 139 0.53 0.07 -0.13
4 co
3 Temperature of
§| effluent (°C) 33.40 4.30 42.40 4.09 -0.71 6.02 0.12
v
Pavement mean
temperature 227 -10.32 11.46 4.60 -0.35 -0.14 2.02
(°C)
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temperature of four asphalt samples had high standard deviations. Although the variation
coefficients of T (minute), the temperature of influent (°C), air temperature (°C), temperature
of effluent (°C) were low, it was observed that the variation coefficients of the pavement
mean temperature were high in four asphalt samples. It can be said that the variables with
these statistical properties for four asphalt samples behave similarly on the pavement mean
temperature. At this point, it is possible to say that the time is an important factor in the
change of variability intervals (maximum and minimum). It can be said that the pavement
mean temperatures for the four asphalt samples had positive values in terms of time, and 114-
minute for the system was a good performance in terms of heating of the asphalt. Moreover,
the correlation of time with pavement mean temperature in Table 1 is the highest value
0f+0.799. According to this result, it can be said that heating time (T) has a high effect on the
pavement mean temperatures.

3. METHODOLOGY

Artificial neural networks (ANNs) have been used in many applications in the literature.
These methods generally estimate well and produce outputs near to the measured values.
However, when these methods are run with limited data, it is possible that their estimation
performance may decrease. For better estimations, the databases of the models should be
constantly supported with new datasets. Also, finding meaningful outputs for complex
systems with low errors, even with insufficient data, are very important in the decision-
making stages of engineering projects. Therefore, modelling of pavement mean temperature
(°C) was done using the classical regression method with multi-layer perceptron (MLP) and
radial basis neural network (RBNN) methods to find the best model having minimum error
and maximum R?in this study. MATLAB codes written by us were used in all models, MLP
and RBNN. Nonlinear methods were considered to define the best relationship amongst the
variables. Moreover, normalization of the data was done between 0.2 - 0.8 in the codes, and
the data were scaled to this range. Two important methods used in this study are briefly given
in the following subsections [34].

3.1. Multi-Layer Perceptron (MLP)

This section presents the architecture of the network that is most commonly used with the
backpropagation algorithm the multi-layer feedforward network. MLP is based on the present
understanding of the biological nervous system. It is a massive parallel system composed of
many processing elements connected by links of variable weights [35]. An elementary neuron
with R inputs (T (minute), temperature of influent (°C), air temperature (°C), and temperature
of effluent (°C)) is shown in Figure 4. Each input is weighted with an appropriate w. The sum
of the weighted inputs and the bias form the input to the transfer function f. Neurons can use
any differentiable transfer function fto generate their output (the pavement mean temperature
(°C)). The initial assigned weights are progressively corrected during the training process. In
this process, the outputs predicted by MLP are compared with known outputs, and errors are
back-propagated (from right to left in Fig. 4) to determine the appropriate weight adjustments
necessary to minimize errors. In this study, the Levenberg-Marquardt [36] algorithm was
used for adjusting the MLP weights.
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Inputs variables Weights Activation function Output
Time(T, minute) a=f(WX+b)

n m a
Temperature of W, logsig O
influent(°C )

Pavement mean
temperature(°C)

A

Temperature of
effluent(°C) b

Bias

Figure 4 - Non-linear model of a neuron

In backpropagation, it is important to be able to calculate the derivatives of any transfer
functions used. Each of the transfer functions above, logsig, radbas, netinv, tansig and
purelin, can be called to calculate its derivative. The output of a neuron can be expressed as:

Output= f'(n)

Where:
R

n=>Yw.x +b; Xps Xy Xy X o
Jj=l

X1, X5, X,..., Xr are the input signals; W;, W5, ..., Wy are the weights of the neurons; b is bias
value; fis activation function, R is the number of the elements in the input vector. The tansig,
netinv, tansig, logsig, purelin and tribas are the most commonly used activation functions in
artificial neural networks.

3.2. Radial Basis Neural Network (RBNN)

RBNN was first introduced into the ANNS literature by Broomhead and Lowe [37]; Poggio
and Girosi [38]. The RBNN has two layers whose output nodes form a linear combination of
the basis functions. RBNN is also known as a localized receptive field network because the
basis functions in the hidden layer produce a significant nonzero response to input stimulus
only when the input falls within a small localized region of the input space. The relation
between inputs and outputs is shown in Figure 5.

The RBNN has connection weights between the hidden layer and the output layer only. These
weight values can be obtained by the linear least-squares method, which gives an important
advantage for convergence. The Gaussian activation function is widely used as the radial
basis function. The RBNN method does not perform parameter learning as in the MLP. It
performs linear adjustment of the weights for the radial bases. This characteristic gives the
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RBNN advantage of a very fast converging time without local minima because its error
function is always convex. In this study, different numbers of hidden layer neurons are
examined for the RBNN models with a simple trial-and-error method. Detailed information
about RBNN theory can be obtained from Haykin.

Inputs variables Output

Temperature of

: o
influent(°C ) Pavement mean

temperature(°C)

Temperature of
effluent(°C)

Figure 5 - Schematic diagram of RBNN architecture

4. DISCUSSIONS

To estimate pavement mean temperature, 345 experimental datasets for four samples were
divided into two sets: training and testing. Approximately %70 (241) of data was randomly
chosen for the training phase, %30 (104) of data was randomly chosen for the testing phase.
Moreover, each sample having 345 experimental data was modeled differently and analyzed
and compared, respectively, as table and graph. For the learning process for the MLP method,
the inputs (T (minute), temperature of influent (°C), air temperature (°C) and temperature of
effluent (°C)) and corresponding target vector (pavement mean temperature (°C)) were used
to train the neural networks by applying Levenberg-Marquardt (LM) algorithm which is both
fast and having the advantage in terms of gaining the time according to other training
algorithms such as gradient descentand Bayesian regularization. Because the number of
hidden units directly affected the performance of the network, many experimental
investigations were conducted with the models. The number of intermediate layers from 1 to
20 was assayed for each model by looking at the minimum MSE values. In these analyses,
one-hidden layer was enough for all models. It was found that the optimum number of hidden
layers was one in all of the models for the MLP method. The stopped criteria for the training
phase were MSE=0.00001 or the number of epochs of 100. The optimum transfer functions
(compet, logsig, purelin, netinv, tansig, radbas, softmax, and tribas) for the MLP models
were used for input and for output layers to find out the best model. Unlike the MLP, the
RBNN has optimum spread; hidden node numbers are found by using a trial-error method.
After the optimum spread coefficient and hidden nodes number are found, the main program
is executed with these numbers. The MSE of the RBNN was taken as “0” for all of the
models. Normalization of the data was done between 0.2 - 0.8 in the codes, and the data were
scaled to this range. Formulas given by Eqs. 2-4 were used for the evaluation of the model’s
performances in the study. The root mean square error (RMSE), mean absolute error (MAE),
and determination coefficient (R?) criteria are expressed as:

10
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1 N
RMSE = NZ (Ymeasured,j - Ymndeled,j )2 (2)
Jj=1
Ly | G)
MAE = = Ymeasure i~ ‘T modeled ,j
N = d,j deled,j
ul 2
4 [(Y)metmured,j _(Y)modeled,j] 4
RY=1- J=1 ( )

N — 2
Z |:(Y )measu/‘ed,/' - (Y )mean measured :|

Table 3 - RMSE, MAE and R’ values of the MLR, MLP, and RBNN in training and testing
phases for sample-1

Model and Training (N=241) Testing (N=104)
Comb. Inputs Target optimum
No. 1mP g transfer  RMSE MAE ., RMSE MAE ,
(output) functions ©C) (O 0 O
. Pavement mean
(1)  Time temperature (°C) MLR(1) 2.13 1.75  0.68  2.10 1.70 0.42
Time and temperature of Pavement mean
?2) influent temperature (°C) MLR(2) 2.07 1.71 070 195 1.65 0.56
Time, temperature of influent Pavement mean
&) and air temperature temperature (°C) MLR(3) 2.06 169 0.70 201 1.69 0.54
Time, temperature of influent, Pavement mean
4 air temperature and MLR(4) 1.94 1.56 0.74 1.95 1.62 0.60

°
temperature of effluent temperature (°C)

MLP(1,1,1),
(1)  Time Pavement mean ‘( )‘ 214 177 068 193 171 042
temperature (°C)  netinv-purelin

i MLP(2,1,1),

@) Tlme and temperature of Pavement mei\n : ( )‘ 2.09 174 069 1.64 1.32 0.65
influent temperature (°C)  netinv-purelin
i i MLP(3,1,1),

3) Tlme,_ temperature of influent Pavement megn : ( )_ 2.10 173 069 168 137 0.64
and air temperature temperature (°C)  netinv-purelin

Time, temperature of influent,
4 air temperature and
temperature of effluent

Pavement mean MLP(4,1,1),

o . . 1.82 149 077 2.06 1.82 0.46
temperature (°C)  netinv-purelin

Pavement mean

(1)  Time temperature (°C) RBNN(1,0.1,14) 239 198 076 3.09 249 0.32
Time and temperature of Pavement mean
) influent temperature (°C) RBNN(2,0.52) 1.65 135 0.80 1.62 1.21 0.66

Time, temperature of influent Pavement mean

and air temperature temperature (°C) RBNN(3,0.7,3) 1.95 1.63 073 1.56 1.10 0.70

3)

Time, temperature of influent,
@) air temperature and
temperature of effluent

Pavement mean

*
temperature (°C) RBNN4,1.4,20)* 0.59 046 097 1.27 1.07 0.77

*indicates that the model has the best performance according to the RMSE and MAE.
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Where N denotes the number of observations; Y indicates the modeled and measured

pavement mean temperature, and ¥ indicates the mean of pavement mean temperature. The
results of the MLR method were examined by Gevrek [15]. In this present study, MLP and
RBNN methods are used and compared with the results of the MLR method. Table 3 shows
the results of MLR, MLP, and RBNN models and RMSE, MAE and R? values in the training
and testing phases for sample-1. In this table, the RBNN model of four inputs has a better
performance than the other models. The MLP models had similar performance with the MLR
models according to RMSE, MAE, and R? criteria in the testing phase. The RBNN models
in the testing phase gave better estimations than MLR and MLP models. It can be said that
the temperature of effluent and the temperature of influent are effective variables in
estimating pavement mean temperature (°C).

Table 4 shows the results of MLR, MLP, and RBNN models and RMSE, MAE, and R? values
in the training and testing phases for sample-2. In this table, the RBNN model of four inputs

Table 4- RMSE, MAE and R? values of the MLR, MLP, and RBNN in training and testing
phase for sample-2

Model and Training (N=241) Testing (N=104)
Comb. Input T optimum
No. nputs arget transfer RMSE MAE R RMSE MAE R
(output) function ) (O O O

. Pavement mean
(1) Time temperature (°C) MLR(1) 2.15 1.69 0.77 2.29 1.79 0.47

© Tlme and temperature of Pavement megn MLR(2) 1.98 161 0.80 172 1.40 071
influent temperature (°C)
Time, temperature of Pavement mean
A influent and air temperature temperature (°C) MLR@3) 197 160 081 171 137 0.72
Time, temperature of Pavement mean
4) influent, air temperature and temperature (°C) MLR(4) 1.96 1.61 0.81 1.73 1.37 0.71
temperature of effluent P
MLP(1,1,1
(1)  Time Pavement mean i (1.1, ),’ 218 172 076 259 228 047
temperature (°C)  netinv-purelin
i MLP(2,1,1),
@) Tlme and temperature of Pavement meiin : ( )‘ 2 1.64 0.80 2.10 171 0.72
influent temperature (°C)  netinv-purelin
i MLP(3,1,1),
3) Time, temperature of Pavement mean (3,L1,1) 201 165 0.79 207 171 076

influent and air temperature temperature (°C)  netinv-purelin

Time, temperature of
4) influent, air temperature and
temperature of effluent

Pavement mean MLP(4,1,1),

1.81 147 0.83 234 198 055
temperature (°C)  tansig-purelin

. Pavement mean
(1) Time temperature (°C) RBNN(1,0.2,1) 3.6 291 0.36 2.52 223 0.34

©) Tlme and temperature of Pavement megn RBNN(2,04,5) 119 095 0.93 174 142 0.80
influent temperature (°C)
Time, temperature of Pavement mean

3) RBNN(3,1,8) 098 0.75 0.95 1.54 1.21 0.86

influent and air temperature temperature (°C)

Time, temperature of
“@ influent, air temperature and
temperature of effluent

Pavement mean

%
temperature (°C) RBNN(4,0.8,7)* 0.82  0.65 0.97 1.06 0.86 0.94

* indicates that the model has the best performance according to the RMSE and MAE.
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had better performance than the other models. MLP models had similar performance with
the MLR models according to RMSE, MAE, and R? criteria in the testing phase. The RBNN
models in the testing phase gave better estimations than MLR and MLP models. It can be
said that the temperature of effluent and the temperature of influent are effective variables in
estimating pavement mean temperature (°C).

Table 5 shows the results of MLR, MLP, and RBNN models and RMSE, MAE, and R? values
in the training and testing phases for sample-3. In this table, the RBNN model of four inputs

Table 5- RMSE, MAE and R? values of the MLR, MLP, and RBNN in training and testing
phase for sample-3

Model and Training (N=241) Testing (N=104)
Comb. Input T optimum
No. nputs arget transfer RMSE MAE , RMSE MAE )
(output) function 0 (°0) °C)  (°C)

. Pavement mean
(1) Time temperature (°C) MLR(1) 2.19 1.77 0.71 1.89 1.71 0.52

Time and temperature ~ Pavement mean
of influent temperature (°C)

2) MLR(2) 2.18 1.77 0.71 1.89 1.71 0.52

Time, temperature of
Pavement mean

3) influent and air o MLR(3) 2.09 1.59 0.73 1.77 1.54 0.57
temperature (°C)
temperature

Time, temperature of
influent, air Pavement mean

4) temperature and temperature (°C) MLR(4) 1.90 1.41 0.78 1.67 1.34 0.74
temperature of effluent

MLP(1,1,1),

(1)  Time Pavement mean : ( ), 218 178 071 174 120 053
temperature (°C)  logsig-purelin
i MLP(2,1,1),

@) Tlme and temperature ~ Pavement me?n : (2.1, ). 1.63 136 0.84 1.80 1.25 0.49
of influent temperature (°C)  logsig-purelin

Time, temperature of
3) influent and air
temperature

Pavement mean MLP(3,1,1),

2.15 1.64 0.72 2.01 1.52 0.53
temperature (°C)  netinv-purelin

Time, temperature of

influent, air Pavement mean MLP(4,1,1),
temperature and temperature (°C)  logsig-purelin
temperature of effluent

“4)

. Pavement mean
(1) Time temperature (°C) RBNN(1,0.1,3) 23 1.85 0.68 2.12 1.71 0.42

Time and temperature ~ Pavement mean
of influent temperature (°C)

2) RBNN(2,0.8,3) 1.64 1.36 0.83 1.64 1.35 0.48

Time, temperature of
Pavement mean

3) influent and air o RBNN(3,1,8) 1.99 1.61 0.76 1.56 1.27 0.55
temperature (°C)
temperature

Time, temperature of

influent, air Pavement mean
temperature and temperature (°C)
temperature of fluent

“@ RBNN4,0.6,9)*  0.54 0.42 0.98 0.76 0.63 0.91

* indicates that the model has the best performance according to the RMSE and MAE.
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had better performance than the other models. MLP models had similar performance with
the MLR models according to RMSE, MAE, and R? criteria in the testing phase. RBNN
models in the testing phase gave better estimations than MLR and MLP models. It can be
said that the temperature of effluent and the temperature of influent are effective variables in
estimating pavement mean temperature (°C).

Table 6 shows the results of MLR, MLP, and RBNN models and RMSE, MAE, and R? values
in the training and testing phases for sample-4. In this table, the RBNN model of four inputs
had better performance than the other models. The MLP models were similar performance
with the MLR models according to RMSE, MAE, and R? criteria in the testing phase. The
RBNN models in testing phase gave better estimations than MLR and MLP models. It can
be said that the temperature of effluent and temperature of influent are effective variables in
estimating pavement mean temperature (°C).

Table 6- RMSE, MAE and R? values of the MLR, MLP, and RBNN in training and testing
phase for sample-4

Model and Training (N=241) Testing (N=104)
Comb. Inputs Target optimum
No, P g transfer  RMSE  MAE . RMSE MAE _,
(output) function ©C) (O O O
. Pavement mean
(1)  Time emperature (o) MLR() 284 237 067 311 281 029
@ Tlme and temperature of Pavement megn MLR(2) 258 216 073 265 248 053
influent temperature (°C)
3) Time, temperature of Pavement mean MLR(3) 246 1.98 0.75 258 235 054
influent and air temperaturetemperature (°C) ’ ’ ’ ’ i ’
Time, temperature of Pavement mean
“4) influent, air temperature anc o MLR(4) 1.99 1.58 0.84 1.88 1.73  0.78
temperature (°C)
temperature of effluent
MLP(1,1,1),
(1)  Time Pavement mean (L1, )_ 262 205 072 321 224 026
temperature (°C)  tribas-purelin
i MLP(2,1,1),
) Time and temperature of ~ Pavement mean : ( )_ 260 216 072 201 179 067
influent temperature (°C)  netinv-purelin
Time, temperature of Pavement mean ~ MLP(3,1,1),
A influent and air temperaturetemperature (°C)  netinv-purelin 251 204 0.74 197 162 0.65
Time, temperature of MLP(4.1.1
(4)  influent, air temperature an(izezz‘ggrr:fgg) . @ ’l)_’ 1.87 1.45 0.86  2.51 1.94 072
temperature of effluent P netinv-purelin
(1)  Time Pavementmean ppy\ni0114) 239 198 077 309 249 032
temperature (°C)
() ~[limeandtemperaturcof = Pavementmean ppo093) 210 170 082 166 145 079
influent temperature (°C)
Time, temperature of Pavement mean
3) influent and air temperaturetemperature (°C) RBNN(3,1.7,18)  0.83 0.62 0.97 1.42 1.19  0.83
Time, temperature of Pavement mean
“) influent, air temperature anc RBNN(4,1.5,8)* 1.28 0.96 0.93 1.07 0.86 0.91

temperature of effluent

temperature (°C)

* indicates that the model has the best performance according to the RMSE and MAE.

14



Hiiseyin AKBULUT, Lale Atilgan GEVREK, Murat AY

Table 7 shows the comparison of the best models for all samples in the testing phase. In this
table, the RBNN models with four inputs had the best performance for each sample.
RBNN(4,0.6,9) model, which is 4-inputs, spread coefficient of 0.6 and hidden nodes of 9 of
sample-3, had the best performance among all models. When the other models were
examined, it can be said that the RMSE and MAE error values were close to each other. It
can also be said that the results of the models gave similar results in all four experimental
samples. In general, the longer the T (heating time) is, the more other variables affect the
pavement surface temperature. For example, the temperature of influent and temperature of
effluent were effective variables in the models because they decreased the RMSE and MAE
values of the models. According to the MAE values, it was seen that the error values were
close to each other. The difference between the maximum MAE (1.07) and minimum MAE
(0.63) was found to be 1.07-0.63 = 0.44 °C, which is quite low value for 104 data in the
testing phase.

Table 7- Comparison of the best models for all samples in testing phase (N=104)

The number

T t i RMSE MAE
Inputs arge of t!le inputs Model R?
(output) in the Samples °C) °C)
models

Time, temperature

of influent, air Pavement mean

temperature and o 4 Sample-1 RBNN(4,1.4,20) 127 1.07 0.77
temperature (°C)

temperature of

effluent

Time, temperature

of influent, air Pavement mean

temperature and 5 4 Sample-2 RBNN(4,0.8,7) 1.06 0.86 0.94
temperature (°C)

temperature of

effluent

Time, temperature

of influent, air Pavement mean

temperature and o 4 Sample-3 RBNN(4,0.6,9)* 0.76 0.63 0.91
temperature (°C)

temperature of

effluent

Time, temperature

of influent, air Pavement mean

temperature and 5 4 Sample-4 RBNN(4,1.5,8) 1.07 0.86 0.91
temperature (°C)

temperature of

effluent

* indicates that the model has the best performance according to the RMSE and MAE.

The best models, (a)RBNN(4,1.4,20), (b)RBNN(4,0.8,7), (c)RBNN(4,0.6,9) and
(d)RBNN(4,1.5,8) in Figure 6, are graphically compared in the form of time series according
to the results of the testing phase. Scatter plots are also given in Figure 6 in which the
measured pavement mean temperature in the x-axis and the modeled pavement mean
temperature in the y-axis are depicted. It can be seen from Table 7 and the figures that the
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Figure 6 -The measured and modeled pavement mean temperature for the best models
Sample-1(a) RBNN(4,1.4,20), Sample-2(b) RBNN(4,0.8,7), Sample-3(c) RBNN(4,0.6,9)*
and Sample-4(d) RBNN(4,1.5,8) in the testing phase (N=104)
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best model is RBNN(4,0.6,9) according to the evaluation criteria. Looking at the model
results of four experimental examples, the methods generally have similar performance in
terms of modeling of pavement mean temperature. In the four experimental examples, it was
seen that the MLR models gave slightly better results than the MLP models in the testing
phases. The RBNN method also gave similar results, which were the best models in four
experimental examples. In this context, it can also be stated that the four asphalt samples
behave similarly in the models in terms of experimental and modeling consistency.

5. CONCLUSIONS

After usability of the hydronic heating systems in snow and icing control in the pavements
was investigated in Gevrek [15], the pavement mean temperature was modeled by using
MLR, MLP, and RBNN methods. In this context, the performances of the models were
evaluated using the model performance criteria of RMSE, MAE, and R2. In view of the results
obtained, the following conclusions can be drawn:

1. Preventing snow and ice on the surface of hydronic asphalt pavement could make a
significant contribution to reducing traffic accidents and environmental damages and
increases the highway capacity in extreme weather conditions.

2. Thermal stress-induced shrinkage of asphalt pavement layers, which is one of the
important deterioration forms in winter can be reduced by using hydronic heating systems.

3. Traditional road maintenance costs, such as salting and snow removal, which might
damage the structure could be reduced by using hydronic heating systems. At the same time,
these systems can positively contribute to the highway pavement life cycle.

4. Considering the benefit/cost ratios and project design-construction works of hydronic
heating systems, it can be said that these systems are significantly cost effective in terms of
investment costs in order to maintain their engineering properties in future projections.

5. It was generally seen that the MLR models gave slightly better results than the MLP
models in the testing phases for the four experimental examples.

6. The RBNN models with four inputs had the best performance for each asphalt sample. The
RBNN (4,0.6,9) model of sample-3 with RMSE=0.76 °C and MAE=0.63 °C and R?=0.91 for
104 testing data had the best performance among all models. According to these results, it
can be said that the statistically obtained models can be used in early icing warning systems,
and can contribute to rapid decision-making processes.

7. Considering the model results of four experimental examples, it can be said that the
methods generally have similar performance in terms of modeling of pavement mean
temperature. In this context, the four asphalt samples behaved similarly in the models in terms
of experimental and modeling consistency.

8. In terms of significant impact on these laboratory samples, this system could be tested and
modeled on a larger scale in real in-situ conditions. However, it was thought that starting
from this point as the first study it would inform us in terms of guiding our studies in the
future.
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9. It is recommended that some further analyses should be made using other artificial
intelligence applications to find better estimates for the asphalt pavement surface
temperature.

10. In the study, it was determined that the correlation coefficient increased significantly with
the inclusion of the inlet water temperature in the model. As a result, it can be concluded that
the inlet water temperature should be increased in order to increase the asphalt surface
temperature. It has been shown that 40°C water can be a sufficient temperature for such
systems to be used for snow and ice prevention purposes [39]. It can be made energy efficient
by making use of waste heat sources from electricity and residential heating from renewable
sources such as geothermal sources, where high temperatures are not needed.

Symbols

MAE Mean absolute error

MLR Multiple linear regression
MLP Multi-layer perceptron
RBNN Radial basis neural network
RMSE Root mean square error

R? Determination coefficient

r Correlation coefficient

T Time
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ABSTRACT

This paper addresses the Direct Displacement-Based Design (DDBD) approach of multi-
story RC frame structures consistent with changes to design criteria between Turkish
earthquake codes of TSC-2007 and TBEC-2018. The corresponding response modification
factor (R) of structures designed based on the DDBD approach is also estimated in this
research. The design base shear forces of both codes are compared considering different R
factors and also with that of the DDBD approach. The results showed that the DDBD
approach, as per TBEC-2018, provides RC frame structures with higher R values compared
to the similar approach in accordance with TSC-2007. The Endurance Time (ET) method is
a time history-based procedure for seismic assessment of structures under intensifying
dynamic excitations aided to judge their performance at various intensity levels. Since, up to
now, the ET method has not been considered to evaluate the performance of the structures
designed by the DDBD approach, this paper addresses this issue. The ET performance curves
of RC frames show that structures designed by the DDBD approach in accordance with
TBEC-2018 exhibit higher Interstory Drift Ratios (IDRs) values than TSC-2007 at various
hazard levels.
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1. INTRODUCTION

Structures should be designed in such a way that they can resist different types of static and
dynamic loads applied to them. The design of structures to such loads is guided through
standards and codes. One of the dynamic loads is due to earthquakes, which poses a challenge
for a structural engineer to design a structure to perform safely against. Traditional Seismic
Design Codes (TSDCs) used for such purposes have been developed for several years based
on Force-Based Design (FBD) and some linear elastic concepts. Furthermore, the Life Safety
(LS) performance level under the design earthquake (10% probability of exceedance in 50
years) has been considered in such codes. Most of the TSDCs do not address the inelastic
response of the structures directly in the design stage and thus cannot effectively deal with
the damage due to structural, nonstructural, and content systems [1]. However, there are some
modern codes that consider the inelastic response of the structures directly in the design stage.
In addition, no clear information regarding economic losses and downtime is provided in the
TSDCs [2]. The Performance-Based Seismic Design (PBSD) approach is a fairly new
paradigm for the seismic assessment and retrofitting of existing structures and seismic design
of new structures, which has attracted the attention of researchers for around the last two
decades. It is a considerably reliable approach, and it promises to produce structures with a
more realistic understanding of the risk of casualties, occupancy interruption, and economic
losses which could occur as a result of future earthquakes [2]. The structure designed using
the PBSD approach is expected to achieve the specific performance objectives selected prior
to design, given certain hazard levels. Furthermore, it deals with the outcome of the structure
rather than prescribing how it is to be built, and the ultimate goal is used as a starting point
for the design purpose. In addition, it is capable of reducing the life cycle cost of the structure
under a specific earthquake hazard level. It is also able to give more detailed information
about the performance of structural, nonstructural, and content systems.

Different methods could be used in the PBSD framework, such as the N2 method, capacity
spectrum method, Direct Displacement-Based Design (DDBD) method, etc. A performance
objective is the combination of a performance level and a hazard level. Performance level
can be determined by damage states of structural and nonstructural and content systems [3].
In this study, the DDBD approach is adopted since displacement has a direct relation with
damage states of the structural and nonstructural components [4]. The Displacement-Based
Design (DBD) procedure appeared in the 1990s for the design of structures, which drew the
attention of the researchers. As a consequence, different DBD methodologies were
developed. Major research devoted to this methodology are Chopra and Goel [5], Moehle
[6], Panagiotakos and Fardis [7], Priestley and Kowalsky [8] for RC structures, and Medhekar
and Kennedy [9, 10] for steel structures. Among the DBD methodologies, the most widely
used one is the DDBD approach, first introduced by Priestley [11]. A critical review was
provided by Sullivan et al. [12] into different DBD approaches, and a comparison between
the DDBD approach and other DBD methodologies has been reported. A textbook by
Priestley et al. [13] covers comprehensively the DDBD approach for seismic design of RC,
steel, and timber buildings as well as buildings with isolation and supplemental damping
devices. Besides, a model code DBD12 by Sullivan et al. [14] has also gained wide
acceptance.

Remarkable studies have been conducted to develop the DDBD approach for different
structural systems, such as RC structures, steel structures, masonry and timber structures,
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bridges, and structures equipped with seismic isolation systems. Pettinga and Priestley [15]
investigated the dynamic behavior of reinforced concrete tube frames designed with the
DDBD approach. They proposed some modifications considering the higher mode’s effects,
specifically for buildings taller than 10 stories. Sullivan et al. [16] developed the DDBD
procedure for RC dual-wall frame structures. The applicability of the DDBD approach for
near-fault areas was investigated by Moghim and Saadatpour [17]. The suitability of the
DDBD approach for the seismic design of precast concrete structures is conducted by Belleri
[18] regarding the effect of the foundation flexibility, beam-to-column, and foundation-to-
column connections. Sullivan and Lago [19] proposed a new methodology for DDBD of
moment-resisting frames with viscous dampers. Malekpour and Dashti [20] investigated the
DDBD approach for different RC structural systems, including moment-resisting, dual wall-
frame and dual steel-braced systems.

Furthermore, using the elastoplastic single degree of freedom (SDOF) systems, the P-delta
effect is investigated extensively for both DDBD and FBD approaches by Pourali et al. [21].
Seismic performance evaluation of low and medium-rise concentrically braced frames,
designed using the DDBD approach, is carried out by Sahoo and Prakash [22]. Yan and Gong
[23] developed a displacement profile expression for the DDBD method of regular RC frame
structures. Giannakouras and Zeris [24] used the DDBD approach for the seismic design of
RC frames with setback irregularity accounting for local ductility associated with global
behavior. Kumbhar et al. [25] used six distinct DDBD approaches developed by various
researchers for the design of low-, medium-, and high-rise RC frame buildings and compared
their seismic performance. Malla and Wijeyewickrema [26] developed the DDBD approach
for the coupled walls with steel shear link coupling beams using inelastic displacement
spectra. Papagiannopoulos et al. [27] presented numerical examples of the eccentrically and
concentrically braced steel frames to explain the DDBD approach and its advantages. Sharma
et al. [28] investigated the inelastic behavior of low and mid-rise RC buildings designed by
FBD and DDBD. Mohebbi et al. [29] extended the DDBD approach for the isolated structures
equipped with viscous dampers and assessed the seismic performance of the structures for
near and far-field earthquakes. Kalapodis et al. [30] improved the DDBD approach for three
types of plane steel frames, namely moment-resisting frames, steel concentrically braced
frames, and buckling-restrained braced frames.

The Endurance Time (ET) method initially introduced by Estekanchi et al. [31] is a rather
fast incremental-based dynamic time history analysis in which structures experience
intensifying dynamic excitations. The response of the structure is predicted by this method
considering the relationship between Intensity Measures (IMs) and Engineering Demand
Parameters (EDPs)[32]. The EDPs characterize the structural response, whereas IMs
characterize the ground shaking intensity at different seismic hazard levels. In this method,
structural response for a continuous range of IMs is provided by a single Nonlinear Time
History Analysis (NTHA); however, traditional NTHA provides the structural response at a
single IM level. In fact, the ET method represents the structural response at various IM levels
using the least number (commonly three) of NTHA [32], which is conventionally provided
by Incremental Dynamic Analysis (IDA). Several studies have been conducted on the ET
method in recent years [33—39], and the validity of ET results has been confirmed by
comparing them with the results of NTHA [40-45]. These research works compared the
results of NTHA under 7 or 22 Ground Motion (GM) records with the ET method results
under three simulated Endurance Time Excitation Functions (ETEFs) records. They showed
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that the results of the ET method were sufficiently close to the results of the NTHA under
GM records.

The Turkish Building Earthquake Code 2018 (TBEC-2018) replaced the previous code, the
Turkish Seismic Code 2007 (TSC-2007), in 2019. Compared to TSC-2007 [46], significant
changes have been made in TBEC-2018 [47], similar to ASCE 7-16 and comprising new
design approaches. In this paper, an adaptive approach for the DDBD is presented with
respect to the changes to Turkish seismic design criteria, for RC frame buildings. To this end,
multi-story RC frame structures are considered here and designed based on the DDBD
approach in compliance with both mentioned seismic design codes. For the detailed design
purpose, i.e., flexural and shear design of columns and beams, TS500 Turkish Standards [48]
is used together with the procedure given by Ersoy et al. [49]. Capacity design principles are
applied to obtain a structure with the desired beam sway mechanism, i.e., a structure with
strong-column weak-beam, in which plastic hinges form in beams rather than in columns.

This research generally pursues the following objectives: (i) First, designing multi-story RC
frame structures using the DDBD approach in accordance with TSC-2007 and TBEC-2018
and comparing their results. (ii) Second, obtaining base shear forces for the selected RC
frames using TSC-2007 and TBEC-2018 through the Equivalent Lateral Force (ELF) method
for different response modification factors. A comparison between the base shear forces
obtained based on TSC-2007 and TBEC-2018 is also made. These base shear forces are also
compared to those obtained through the DDBD approach. (iii) Third, since estimating the
response modification factors of the structures based on the DDBD approach has been less
considered in the previous studies, this issue is also addressed in this paper. Hence, the actual
response modification factors for each frame designed using the DDBD approach in
accordance with TSC-2007 and TBEC-2018 are estimated, and their results are compared.
To this end, nonlinear static pushover analyses are performed on the structures. (iv) Since up
to now the ET method has not been used to assess the behavior of the structures designed by
the DDBD approach, it is also considered here. To consider the impact of ground motion
duration on the structural responses, the fourth generation of ETEFs [32, 40] is used in this
study, which is including the cumulative absolute velocity (CAV) in its generation process.

2. SEISMIC DESIGN CODES USED IN THIS STUDY

Tiirkiye is located in a seismically active region. The North Anatolian Fault (NAF) and the
East Anatolian Fault are two active faults that are responsible for many major earthquakes in
Tiirkiye. The earthquake design code for buildings was published for the first time in Tiirkiye
in 1940 after the Erzincan earthquake occurred in 1939, with a magnitude of 7.9 [50]. The
earthquake code was then revised and improved several times due to the design deficiencies
observed during the construction phase and also concerning technological and social
development in society [51].

2.1. Difference of Criteria of Seismic Design Codes Used in This Study

After the Golciik earthquake in 1999 with a magnitude of 7.4, TSC-2007 was published in
2007. A new chapter is included in TSC-2007 for the assessment and rehabilitation of the
existing buildings. Furthermore, linear and nonlinear methods are considered in this
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regulation. The last version of the earthquake code for buildings in Tiirkiye was published in
March 2018, “Turkish Building Earthquake Code (TBEC-2018)”. This version has many
changes with respect to TSC-2007, most of which are similar to ASCE 7-16 [51, 52]. Some
of these changes are made in site classes, importance factors, occupancy category, period
calculation, overstrength factor, response modification factor, or behavior factor [52].

One of the most important differences between these codes is the calculation of the elastic
acceleration response spectrum used in this study. One of the required parameters for
calculating the elastic response spectrum in TSC-2007 is the effective ground acceleration
coefficient (4y), which depends on the seismic zone. Seismic zones are divided into 4
different zones in TSC-2007, Zone 1 with the highest seismicity and Zone 4 with the lowest
seismicity. However, in TBEC-2018, seismic hazard maps are used instead of seismic zones,
from which mapped values of Maximum Considered Earthquake (MCER) spectral response
acceleration parameters at one second (S))and at the short period (Sg) are obtained.

Moreover, spectrum characteristic periods (7, and T ) are the other parameters required for

calculating the elastic acceleration response spectrum, which depends on the local site class
in TSC-2007. In contrast, these values are obtained using the provided equations in TBEC-
2018, which depends on S and Sg. For more detailed information about obtaining the

elastic acceleration response spectrum, the reader is referred to TSC-2007 and TBEC-2018.

3. DIRECT DISPLACEMENT-BASED SEISMIC DESIGN APPROACH

Priestley and Kowalsky [8] proposed the DDBD approach for the design of RC structures. It
is based on the PBSD method, and it is a simple design procedure widely accepted by
researchers [20]. While FBD utilizes the acceleration response spectrum to calculate the
global base shear for the structure, the DDBD approach utilizes the displacement response
spectrum to estimate the global base shear; further, the maximum inelastic deformation of
the structure is considered. Figure 1 is adopted from Priestley and Kowalsky [8], which
provides the fundamentals of the DDBD approach. From Figure 1, it is evident that a Multi
Degree of Freedom (MDOF) system is presented by an equivalent Single Degree of Freedom
(SDOF) system. The equivalent SDOF system involves effective height (H.) and effective
mass (m.), Figure 1(a). The maximum displacement of the SDOF system is presented with

effective stiffness (Kefr), Figure 1(b), and equivalent viscous damping ((feq) , Figure 1(c). As

can be seen that the effective stiffness of SDOF systems is significantly lower than the initial
stiffness of the structure, which in turn gives lower base shear force [8]. The reason is that
the SDOF system presents the MDOF system at the maximum inelastic response [53].

The first step in the procedure of the DDBD approach is to choose a performance level that
corresponds to a specific ground motion hazard. Since damage is directly related to
displacement, the IDR is selected. Then, using this ratio, target design displacement, and
ductility demand are obtained. The ductility demand is used to obtain the equivalent viscous

damping (éeq) ; refer to Figure 1(c). The equivalent viscous damping is used to reduce the

elastic design displacement response spectrum (elastic design displacement response
spectrum is obtained for a 5% damping ratio). Finally, the effective period is obtained from

27



Application of Endurance Time Method in Seismic Assessment of RC Frames ...

the reduced design displacement response spectrum, which can be used then to obtain the
effective stiffness and base shear forces, respectively.
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Figure I - Fundamentals of the DDBD approach [§].

A simple framework for the DDBD procedure is given in Figure 2. It starts with the selection
of target displacement and ends with the determination of base shear force.

Select target C;ail.cuiate (desien Determme H,,
displ t, Ac isplacement o and A
placement, o
profile
v
Calculate ductility Determine Obtain design
demands on —» | equivalent viscous —» displacement
g frames damping response ‘spectrum )
v
e N
Determine | Determine Determine base
effective period effective stiffness shear force

(. J

Figure 2 - Framework of the DDBD approach.

After selecting the drift ratio, target displacement (A ) is obtained, and this value is used to
obtain the design story displacement (A, ) . To this end, the normalized inelastic mode shape
(3; ) should be found as follows [8]:
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é}:ﬂ for n<4 (1)
Hn
H. H.
6}:&—’ lI-———| for n>4 @)
3\ H, 4H,

In these equations, H; is the story height from the ground/foundation level, H, is the total
height of the frame, and n is the number of stories. In addition, these equations have been
shown to be sufficient for the design purpose by Pettinga [54]. It has been shown that the
design displacement profile obtained using these two equations reasonably matches the
displacement profile obtained from the time history analysis [13, 54]. The design
displacement at the top of each story, A; can be calculated as follows:

A= @y S = 3)

where o, and A, are the inelastic mode shape and design displacement of the critical story
(the story with the largest drift ratio), respectively. @, is the drift reduction factor to take
into account the higher mode effects. It will have negligible effects for the number of stories
less or equal to 10 (n £10), and it can be obtained as follows [55]:

w,y =1.15-0.0034H, <1.0 )
Target design displacement (Ac) is obtained as follows:
A.=0, H, )

where H, and 6, the height of the critical story from the ground/foundation level and IDR,
chosen as performance level for a specific ground motion intensity.

Once the design displacement profile is obtained, then it is used to obtain the design
displacement (A,) effective mass (m, ) and effective height ( H,) of the equivalent SDOF

system. The following equations are used for each of them.

n n

Ay = Z(miAiz)/Z(miAi) (6)

i=1 i=1

™
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H,=» (mAH;) Y (mA;) (8)
i=1 i=1
where, m. and A, are the mass and displacement of the i story, respectively.

Equivalent damping for the SDOF system can be obtained through the following equation
[13]:

£, =005+ 0.565(ﬂ—_1j ©)
UTT

The first term of the above equation is the 5% elastic viscous damping and the second term
is the hysteretic damping, and  is the design displacement ductility factor, and it is equal

to:
A
U= A_d (10)
y
_ . Ag
poome ~ .
i.—»
H,
He.
- - - - '
A\ Vae
(a) MDOF System (b) SDOF System

Figure 3 - Simplified model of MDOF system represented by SDOF system [55].

In this equation, A, is the yield displacement of the equivalent SDOF system. For RC frame

buildings with three bays (refer to Figure 3), it can be obtained using the following equation
[13]

_2M0, My,

11
7 2M,+ M, ¢ (h

where M, and M, are the moment contribution to the total overturning moment from outer
and inner bays respectively. @, is the yield drift, and it is equal to:
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L,
0)’/ :0.5$yh—’ (12)
b,

i

In this equation, ¢, is the yield strain, which is the ratio of expected yield strength ( £, ) of
the reinforcement over its modulus of elasticity ( £, ), L, is the length of the i” bay and h,

is the depth of the beam of the i bay. It should be noted that Priestley et al. [56]
recommended that f,, should be taken 10% larger than characteristic yield strength (i.c.
fye =1.1f, ). Furthermore, in Equation (11), the values for M, and M, are not required;

instead, only the ratio of them is needed. This ratio can be arbitrarily chosen, however, for
the case study, since the depth of the beams is kept constant for all three bays, and it is
assumed that the moment capacity of the inner and outer frames are equal, so according to
the recommendation of Priestley et al. [56] this ratio is equal to:

Moy S oM=M, (13)
2

Using this value, Equation (11) results in the following simple form:

20, +0
— N N 14
y 3 e ( )
The design displacement response spectrum for the desired damping (S, _ ) rather than 5%

elastic damping, can be obtained using the following equation [56]:

s, =5, | 210 (15)
s P 0.05+¢,,

In this equation S,  is the design displacement response spectrum for 5% damping, which

is equal to:

T2

4r?

Sp,s =S (T) (16)

where S, (T) is the elastic design acceleration response spectrum, which could be obtained

by using TSC-2007 and TBEC-2018 separately. Since in the DDBD approach, displacement
response spectrum is used, there must be a constant maximum displacement after reaching a
specific value for the effective period, called the corner period. There is nothing mentioned
about the corner period in TSC-2007, while in TBEC-2018, it is given as 7; and it is equal

to 6 seconds; therefore, for TSC-2007, it is also assumed to be 6 sec. One of the reasons for
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using a large period as a corner period is to adjust the design displacement spectrum to be
useful for the higher value of the effective period resulting from the lower effective stiffness
of the SDOF system [8]. Here, only the resultant elastic acceleration response spectrum for
5% damping has been shown in Figure 4 with design displacement response spectra for
different damping values for both TSC-2007 and TBEC-2018.

From Figure 4, it can be concluded that the values for the design displacement response
spectrum for TBEC-2018 are significantly smaller than the ones obtained for TSC-2007.
Response spectra for TBEC-2018 are shown up to 6.5 sec, which is an arbitrary value, and
the constant region for the displacement can be noticed clearly. On the other hand, for TSC-
2007, it is shown up to 6 sec since, using equations provided in TSC-2007 it is not possible
to obtain the constant displacement region.

Once such response spectra for the design displacement are obtained, then using design
displacement (A, ) in the design displacement response spectrum for equivalent damping of

the given figure, the corresponding effective period can be read as shown in Figure 4.
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Figure 4 - Elastic acceleration (S.) and design displacement (Sq) response spectra for
different damping values.

Ad:Tﬂ

e,

Finally, the effective period is used to obtain effective stiffness and total base shear force as
follows, respectively.

4rn?

Koy = 72 me a7
eff

VBase = Keﬁ' Ad (18)
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The total base shear force is then distributed up the height of the building, and lateral forces
at the top of each floor are obtained using the following equation, provided by both TSC-
2007 and TBEC-2018.

m.H.
F;’ :( VBase_ AFN)# (19)

n
2. miH
i=1

where m; is the mass of the i story. AF) is the additional equivalent seismic load, acting
at the top of the N floor, and it is equal to:

AFy, = 0.0075N Vi, (20)

Here, N is the total number of stories of the building (see Figure 5).

F. B _

Fin Fi_
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- Wy

Mo Me f Mo Mo, A Mo,
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Figure 5 - Story forces and total overturning moment (Mony) [13].

The stability index (6, ) is calculated by Equation (21) to see if P-Delta effects are required

to be considered in the analysis. According to model code DBD12 [14], the stability index
shall not exceed 0.3. If 0.1< 6, <0.30, P-Delta effects should be considered. If 8, >0.30,

then the structure must be made stiffer and the calculations should be revised. Furthermore,
if 8, <0.1, then there is no need to consider P-Delta effects. The base shear force is

amplified (if 0.1< 6, <0.30 and will be calculated by Equation (22) [13, 55].

0, = ——mer @1

22)
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where M, and A, . are total overturning moment (M ,,,, ) at the base of the structure and

design displacement of the equivalent SDOF system obtained by using Equation (6),
respectively [55] .P is the axial force due to gravity loads, C is a constant, and for reinforced
concrete structures, C=0.5 is used.

Mory = ZF;'Hi (23)

i=1

Once the base shear force is distributed up the height of the building using Equation (19),
then it is easy to find the story shear forces. Two different methods of structural analysis
under lateral forces vector are given by Priestley et al. [13] in the DDBD approach for the
determination of moment capacities at plastic hinge locations. The first one is the analysis of
the frame under lateral forces based on the relative stiffness of the members, and the second
one is based on the equilibrium consideration of the nodes. Here, the latter is being
considered. In this method, to find the shear forces in the columns at each story, the inner
columns are assumed to take twice the shear forces compared to the outer columns. To avoid
the soft story mechanism of the first story, the contra flexure height for columns of the first
story is considered at 0.6 of the height of that story (0.6 H, ) from the base of the column

[13]. For further discussions about how to find the internal forces in columns and beams and
for discussions about capacity design principles, the reader is referred to Priestley et al. [13].

4. EVALUATION OF RESPONSE MODIFICATION FACTOR (R)

The TSDCs are based on the FBD approach and some linear elastic techniques. In most of
these codes, the nonlinear behavior of structures is not considered directly in the design
process; instead, their nonlinear behavior is considered by means of the response
modification factor (R), which reduces the demand due to design earthquake [4, 57]. Since
the design earthquake is a rare event that a structure may experience in its life cycle, to have
an economical design, the structures are allowed to go under inelastic deformation and
dissipate induced energy by inelastic deformation due to the design earthquake, so TSDCs
handle that by R factors and properly designed seismic details. In seismic design codes,
specific R factors are used for specific types of structures. R factor is the ratio of the maximum
elastic base shear force (¥, ) of a structure obtained through elastic analysis to its maximum

inelastic base shear force (V) obtained through inelastic analysis. R factor could be

evaluated for a designed structure, for which alternative formulations are proposed in the
literature. The following equation widely used in research works, such as [58—65], is used in
this study.

R=RqyR, (24)

In this equation, Ry, is the overstrength factor and R, is the ductility factor, given as follows:
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W07 —uT 2T

where 7, is the base shear force at the yield point (Figure 6) which cannot be less than the

design base shear force (V, ), u,,,, is the maximum top displacement of the structure that it

X

can go for, and «, is the displacement at the yield strength of the structure, x is global

ductility ratio, Equation (27), and @ is the factor which depends on soil condition, and for
rock type soil it can be calculated through Equation (28), T is the fundamental period of the
structure. Equations (26) and (28) are suggested by Miranda and Bertero [66]. The concept
of the response modification factor is illustrated in Figure 6 (in the figure

A,=u,and A, =u

y y max )

For evaluation of the R-value, the capacity curve, obtained through pushover analysis of the
structure, is approximated by a bilinear curve to obtain a clear yield point (which corresponds
to v, Figure 7). Different methods exist for this purpose. One of the methods used in this

study is called the equal-energy method, which assumes that the areas enclosed by the
pushover curve above and below the bilinear curve are equal ( Area; = Area, ).
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Figure 6 - Base shear force vs roof Figure 7 - Bilinear approximation of the
displacement relationship [58]. capacity curve [67].
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5. ENDURANCE TIME METHOD

A hypothetical shaking-table test could be used to explain the concept of the Endurance Time
(ET) method. As shown in Figure 8, the structures are located on shaking-table and loaded
with an intensifying artificial dynamic excitation. The aim is to determine the relative
performance of the three structures under dynamic excitation [32].

@ - B = EH j

N o e px o
T /Bt o

Figure 8 - Hypothetical shaking-table test [32].

The response of the structures is tracked during the hypothetical shaking-table test. The
behavior of the structures shifts gradually from linear elastic behavior to nonlinear inelastic
behavior, experiencing some damage states, and finally, collapse will occur as the amplitude
of the ET excitation increases with time. The results of the hypothetical shaking-table test are
given in terms of the ET curves, which show the relation between ET and EDPs, e.g.,
maximum IDR. The main advantage of the ET method over the conventional NTHA
procedure utilizing ground motions is that the computational time for analysis is reduced
significantly [68]. It is worth mentioning that the actual EDPs and final design, obtained
using the ET method, should be verified by conducting more precise procedures, e.g., IDA
and cloud analysis methods [69, 70].

In contrast to the typical time history analysis, which uses real Ground Motion (GMs) or
artificially generated motions, the ET method utilizes the ETEFs, which are the main
component of the ET method, and thus directly affects the results. The ETEFs are
acceleration functions for which the intensity increases with time, and from zero to each time
corresponds to a specific seismic hazard level. They are created such that to induce suitable
responses in structures as compared to GMs [40]. In this study, the ETA40Ic series of ETEFs
are used that are generated by Mashayekhi et al. (2018) [40] using the FEMAP695 far-field
record set (22 real GM records). For the simulation of this series of ETEFs, the consistency
of the ground motion duration has been included directly in the generation process. This is
because structural responses could be influenced by ground motion duration significantly
[71-74]. In addition, since the ETA40lc series of ETEFs follows an exponentially
intensifying profile that is consistent in cumulative absolute velocity (CAV) when compared
to conventional GM scaling to match desired intensity. Some research works showed that the
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CAYV could also be used as an alternative for the Arias Intensity (Al) [75-77] to evaluate the
motion duration’s effect on structural response [78]. To this end, the CAV has been included
in the generation process of the ETA40Ic series, and it has been selected as an IM to reflect
the impact of duration [40]. The target acceleration response spectrum of the ETEFs can be
defined as follows:

S, (t,T) = g(O)x §,"(T) 29)

where, S (T) is GMs target acceleration spectrum as the average acceleration response

spectrum of GMs. The records of the ETA40lc series have been optimized to fit the average
acceleration spectrum, average displacement spectrum, and average CAV of the first
components of the FEMAP695 far-field GM set. These GMs are recorded on soft rock, stiff
sites, and shallow crustal sites. Site-to-sources distances are at least 10 km, and the
magnitudes of the events are larger than 6.5. The peak ground velocity of each individual
record is used for normalization while generating the ETA40lc series. To this end,
Mashayekhi et al. (2018) [40] used the procedure of the FEMAP695 [79] in their study.
Because of inherent differences in magnitude, source type, and site condition, there is
unwarranted variability between records; thus, normalization is used considering peak
ground velocity to eliminate them while retaining inherent aleatory variability for
anticipating seismic response assessment [42, 79]. In Figure 9, S!*'(T) related to these

GMs are shown. g(¢) is the intensifying profile which controls the shape of increasing
acceleration spectra in time [40].
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Figure 9 - Target acceleration spectrum of first components of FEMAPG695 far-field GM set

Figure 10 shows the ETA40Ic01 accelerogram and the comparison of its acceleration
response spectra at different times of excitation with target response spectra. Three excitation
functions of the ETA40Ic series are used in this study to reduce the effects of random scatter
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in the results, as recommended in research work by Estekanchi et al. [80]. The target times
of these excitation functions are calculated in such a way that first, the GMs target
acceleration spectrum is placed above the code spectrum in the range of 0.27 to 1.57 (T is
the fundamental period of the structure), and second, the average acceleration response
spectrum of ETA401c01-03 is matched with the scaled GMs target acceleration spectrum in
the same interval of 0.27 to 1.57. The variation of the corresponding hazard return period
with the target time in ET analysis and structural period in this study is shown in Figure 11.
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Figure 10 - (a) ETA40Ic01 accelerogram, (b) Acceleration response spectra at different
times of excitation.
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Figure 11 - Return period vs. target time in ET analysis and structural period.
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6. STRUCTURAL DESIGN
6.1. Seismic Design Codes

Four special moment-resisting RC frames are selected to demonstrate the DDBD approach.
They are related to commercial office buildings, similar in terms of the plan, while different
in terms of the number of stories (three-, five-, eight-, and 12- story buildings). It is assumed
that the structures are located in Diizce province, in the north of Tiirkiye. The necessary
parameters for estimating the acceleration response spectrum for TBEC-2018 were obtained,
such as Ss and S;. Since the location is close to the North Anatolian fault, which is an active
fault, according to TSC-2007, seismic zone 1 with 4, =0.4 is chosen. The site class used in

this study is Z1 according to TSC-2007, which corresponds to ZB given by TBEC-2018 [52].
The compressive strength of the concrete used here is 25 MPa, and the elasticity modulus of

the concrete is assumed to be equal to 3.1x10* MPa. The yield strength of the steel

reinforcement is taken as 420 MPa, and its modulus of elasticity is equal to 2x10° MPa. The
selected frames in each case have the highest gravitational loads on them (i.e., the gravity
load is maximum on the chosen frame in each case), and each has three bays, the outer bays
of the frames are larger than the inner bay. Cross-sectional sizes for each frame are provided
in Table 1. Elevation of frames with their vertical and horizontal dimensions is given in
Figure 12.

6.2. DDBD Approach

The DDBD approach is applied to the frames in compliance with TSC-2007 and TBEC-2018,
and base shear forces are obtained. The detailed design for the given frames with specified
cross-sectional sizes is carried out only for the base shear forces obtained through the DDBD
in compliance with TSC-2007. Since the base shear forces obtained through the DDBD as
per TBEC-2018 are much smaller, cross-sectional sizes are changed for the frames, and the
DDBD in accordance with TBEC-2018 has been applied once again, and the base shear
forces are obtained. In this case, cross-sectional sizes are given in Table 2, and it should be
noted that for detailed design, TSC-2007 and TBEC-2018, together with TS-500, are used.
Then, the R factor is evaluated for each frame designed in both cases from the results obtained
through nonlinear static pushover analysis.

Table 1 - Designed sections for the studied RC frames

Frame Story-Level =~ Member Size
Beams Exterior Columns Interior Columns
3-Story 1-3 35x50 cm 40x40 cm 40x40 cm
5-Story 1-3 35x60 cm 50x50 cm 50x50 cm
4-5 35x60 cm 45x45 cm 45x45 cm
8-Story 1-5 35x60 cm 60x60 cm 60x60 cm
6-8 35x60 cm 50x50 cm 50x50 cm
12-Story 1-8 35x60 cm 70x70 cm 70x70 cm
9-12 35x60 cm 60x60 cm 60x60 cm
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Figure 12 - Elevation of frames with their vertical and horizontal dimensions.

6.3. Discussion of the Results

The results obtained for the DDBD approach in accordance with both TSC-2007 and TBEC-
2018, for some important parameters, are tabulated in Table 3 for the same frames, i.e.,
having the same cross-sectional sizes for columns and beams in both cases. From Table 3, it
can be seen that up to equivalent damping, the results are the same in both cases, while after
that, since TSC-2007 and TBEC-2018 are involved, the results are different. The ductility
demands of the frames are slightly changing with respect to the height of the frames in both
cases. The design displacement ductility (p)is slightly reducing with the increase in the

number of stories (in the case of three-story, since the depth of the beams is 50cm while in
other cases it is 60cm; thus, the pis smaller than the one for five and eight-story frames) in

both cases. A similar conclusion can be made regarding equivalent damping. For frames with
the same cross-sectional sizes of the beams, the stiffness of the frames is reducing
significantly with the increasing number of stories. Stability indices, in the case of DDBD in
accordance with TSC-2007 are slightly changing, while in accordance with TBEC-2018 the
changes are significant. Finally, the changes in base shear forces obtained for frames through
the DDBD approach in accordance with TSC-2007 are significant compared to the ones
obtained for frames in accordance with TBEC-2018.

Tables 3-5 show the base shear forces obtained through the DDBD in compliance with TSC-
2007 and TBEC-2018 and the ones obtained through TSC-2007 and TBEC-2018 by the ELF
method for different R factors, respectively. These results are also shown in Figure 13. It
should be noted that while modeling frames, the beams are assumed to be axially rigid
members. From Table 4 and Figure 13a, it can be concluded that for the three-story frame,
the base shear force obtained through the DDBD as per TSC-2007 is slightly smaller than the
one obtained for the same frame through TSC-2007 by the ELF method for R=4. On the other
hand, for the remaining frames,the DDBD approach estimates higher values of the base shear
forces compared to the ones obtained for the same frames through TSC-2007 by the ELF
method for R=4.
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Table 2 - Re-designed sections for the studied RC frames through TBEC-2018

Frame Story-Level =~ Member Size
Beams Exterior Columns Interior Columns
3-Story 1-3 25%50 cm 35x35 cm 35x35 cm
5-Story 1-5 30x50 cm 40x40 cm 40x40 cm
8-Story 1-8 30x50 cm 50x50 cm 50x50 cm
12-Story 1-8 30x50 cm 55x55 cm 55%55 cm
8-12 30x50 cm 30x50 cm 30x50 cm

Table 3 - Initial design values of frames obtained through DDBD approach.

According to TSC-2007 According to TBEC-2018
3-Story 5-Story 8-Story  12-Story 3-Story 5-Story 8-Story  12-Story
Drift Limit, 6, (%) 2 2 2 2 2 2 2 2
Design Displacement,
145.08 185.39 278.28 403.41 145.08 185.39 27828  403.41
A, (mm)
Effective height, H,
€ 7.25 10.86 16.57 24.24 7.25 10.86 16.57 24.24
(m)
Effective Mass, m
€ 163.17 293.40 47337 731.85 163.17 293.40 47337 731.85
(ton)
Yield Displacement,
Ay (mm) 89.37 111.54 170.11 248.82 89.37 111.54 170.11  248.82
Design Displacement
-1 1.62 1.66 1.64 1.62 1.62 1.66 1.64 1.62
Ductility, x
Equivalent Damping,
11.91 12.16 11.99 11.89 11.91 12.16 11.99 11.89
":‘J‘:ef' (%)
Effective Period, T p
“ 1.464 1.807 2.525 3.432 1.898 2.444 3.649 5.275
(sec)
Effective Stiffness,
Kef/‘ (kN/m) 3005.26 3546.03 2932.09  2453.20 1788.48 1939.77  1403.22 1038.36
Base Shear Force,
436.00 657.41 815.94 989.65 259.47 359.62 39049 418.88
VBase (kN)
Stability Index, 8, 0.09 0.09 0.12 0.15 0.16 0.17 0.25 0.32
Final Base Shear
436.00 657.41 868.01 1070.82 280.22 391.39 442.56  491.32
Forces, Vo, (kKN)
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However, a different conclusion can be made about the results obtained for base shear forces
for the frames through the DDBD in compliance with TBEC-2018 and the ones obtained for
the same frames through TBEC-2018 by the ELF method. As it is evident from Table 5 and
Figure 13, the base shear force obtained for the three-story frame through the DDBD in
accordance with TBEC-2018 is very close to the value obtained through TBEC-2018 by the
ELF method for R=7, while for the remaining frames base shear forces obtained through the
DDBD in accordance with TBEC-2018 are close enough to the ones obtained through TBEC-
2018 by the ELF method for R=6.

Another conclusion could be made regarding the results obtained through the TSC-2007 and
TBEC-2018 by the ELF method. As can be seen from Tables 4 and 5, for the frames with
the lower number of stories, both TSC-2007 and TBEC-2018 give close results; however, by
increasing the number of stories, the differences in the results are significantly increasing.
One of the reasons for such difference is due to the design displacement response spectra,
which could be obtained from acceleration response spectra provided in both TSC-2007 and
TBEC-2018.

As can be seen from Figure 4, the design displacement response spectrum for TSC-2007 is
significantly larger than the one for TBEC-2018 for the same damping ratio and identical
effective period. For example, for 5% damping at 6sec for TSC-2007, the design
displacement is equal to around 1050 mm, while for TBEC-2018, it is equal to around 600
mm.

Table 4 - Base shear forces (kN) obtained through DDBD approach and ELF method based

on TSC-2007

Number of | DDBD TSC-2007 by ELF method

Stories R=4 R=5 R=6 R=7 R=8
3 436.00 457.27 365.81 304.85 261.30 228.63
5 657.41 620.28 496.23 413.52 354.45 310.14
8 868.01 770.87 616.70 513.92 440.50 385.44
12 1070.82 915.64 732.51 610.43 523.22 457.82

Table 5 - Base shear forces (kN) obtained through DDBD approach and ELF method based

on TBEC-2018.

Number of | DDBD TBEC-2018 by ELF method

Stories R=4 R=5 R=6 R=7 R=8
3 280.22 462.34 372.35 311.68 268.01 235.08
5 391.39 577.70 462.16 385.13 330.11 288.85
8 442.56 666.85 533.48 444.56 381.06 333.42
12 491.32 737.55 590.04 491.70 421.45 368.77
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Figure 13 - Comparison of base shear forces obtained through DDBD approach and
ELF method based on: (a) TSC-2007 and (b) TBEC-2018.

As mentioned earlier that, the base shear forces obtained for the frames through the DDBD
in accordance with TBEC-2018 were very small (see Tables 4 and 5); therefore, cross-
sectional dimensions for columns and beams are reduced. The DDBD approach in
compliance with TBEC-2018, is once again applied on frames with smaller cross-sectional
dimensions for columns and beams, and the base shear forces are obtained. The results of
some important parameters are shown in Table 6. Note that for the 12-story frame, according
to TBEC-2018, the stability index has exceeded the limit €, =0.32 > 0.30 (see Table 3).

600

500 A

400 A

300 A

200 A

Base Shear Force (kN)

100 A

T T
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Figure 14 - Comparison of base shear forces obtained through DDBD approach and
ELF method based on TBEC-2018 for the re-designed frames.

However, from equation (21), it is evident that the gravity loads also affect the stability index;
thus, by reducing the gravity loads, the stability index may be reduced. With the reduction in
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the cross-sectional dimensions, the gravity load is also reduced, which results reduction in
the stability index (see Table 6, 6, =0.28 <0.30). In addition, the same frames are analyzed
through TBEC-2018 by the ELF method for different values of R, and the base shear forces
are obtained. The results are tabulated in Table 7 together with the base shear forces obtained
through the DDBD in compliance with TBEC-2018 and shown in Figure 14.

Table 6 - Initial design values of frames obtained through the DDBD approach for the re-

designed frames.
DDBD Results According to TBEC-2018

3-Story 5-Story 8-Story 12-Story
Drift Limit, 6, (%) 2 2 2 2
Design Displacement, A, (mm) 144.96 185.54 279.34 405.77
Effective height, A, (m) 7.25 10.87 16.64 24.40
Effective Mass, m, (ton) 154.01 270.43 438.37 648.51
Yield Displacement, A, (mm) 89.30 133.96 205.02 300.65
Design Displacement Ductility, u 1.62 1.39 1.36 1.35
Equivalent Damping, & (%) 11.91 10.00 9.78 9.66
Effective Period, 7, (sec) 1.897 2.286 3.417 4.943
Effective Stiffness, &, (kN/m) 1689.66  2042.54  1482.04 1047.83
Base Shear Force, Vj,,, (kN) 244.94 378.98 413.99 425.18
Stability Index, 6, 0.14 0.15 0.22 0.28
Final Base Shear Forces, V5, (kN) 262.20 408.53 462.54 496.25

Table 7 - Base shear forces (kN) obtained through DDBD approach and ELF method based

on TBEC-2018 for the re-designed frames.

Number DDBD TBEC-2018 by ELF method
of Stories R=4 R=5 R=6 R=7 R=8

3 262.20 316.58 253.26 211.05 180.90 158.29
5 408.53 386.95 309.56 257.97 221.12 193.48
8 462.54 486.32 389.06 324.21 277.90 243.16
12 496.25 532.99 419.19 349.33 311.88 275.35
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From Table 7 and Figure 14, it can be concluded that the depth of the beams has a significant
effect on design displacement ductility, and with the increase in the depth of the beam, the
design displacement ductility increases (refer to Equations (10)-(14)). As a consequence,
increase in effective period and reduction in base shear force could be witnessed.

7. ANALYSIS AND RESULTS
7.1. Pushover Analysis and Results

The frames are designed in detail for the base shear forces obtained through the DDBD in
accordance with TSC-2007 and TBEC-2018 (provided in Tables 4 and 7) by using TS-500.
The capacity design principle is used to obtain the beam sway mechanism (i.e., strong-
column weak-beam mechanism). In nonlinear static pushover analysis, horizontal forces are
distributed up the height of the frames as inverse triangular. In this section, the results of the
nonlinear static pushover are presented.

Nonlinear static pushover analysis is performed on all frames in both cases, and the results
for the sway mechanism and pushover curves are shown. The results of the beam sway
mechanism shown in Figure 15 for the frames designed for the base shear forces obtained
through the DDBD approach in accordance with TSC-2007 are satisfactory. The capacity
curves for these frames along with the idealized bilinear curves, are shown in Figure 16. The
results of the beam sway mechanism shown in Figure 17 for the frames designed for the base
shear forces obtained through the DDBD approach in accordance with TBEC-2018 are also
satisfactory. The capacity curves for these frames along with the idealized bilinear curves,
are shown in Figure 18. From Figures 15-18, it can be observed that the initial objective of
the design of the frames, which is LS performance level, is satisfied for all frames, even for
higher values of base shear forces than the design base shear forces.

Figure 15 - Sway mechanisms obtained through pushover analysis for frames designed by
DDBD in accordance with TSC-2007,

45



Application of Endurance Time Method in Seismic Assessment of RC Frames ...

600

3-Story Capacity Curve

500

400

300

200

Base Shear force (kN)

100

——

s Pushover Curve
— = = = Bilinear Curve

0.00

1000
900
800
700
600

400
300
200
100

0

Base shear Force (kN)

0.00 0.10

0.10 0.20 0.30
Top Displacement (m)

0.40

8-Story Capacity Curve

r--

e Pushover Curve
= = = = Bilinear Curve

020 030 040 050
Top Displacement (m)

0.60  0.70

Base Shear Force (kN)

Base Shear Force (kN)

5-Story Capacity Curve

0.40

900
800 T
700 F e
[}
600
500
400
300
200
100 e Pushover Curve
— — — — Bilinear Curve
0
0.00 0.10 0.20 0.30
Top Displacement (m)
12-Story Capacity Curve
1200
1000 I-
/
800 F}
!
600 ’
/
/
400 7
’
200 e Pushover curve
— — — — Bilinear Curve
0

0.00

0.10 020 030 040 050 060 0.70

Top Displacement (m)

Figure 16 - Capacity curves obtained through pushover analysis for frames designed
by DDBD in accordance with TSC-2007.

| |

—

T

L]
|
fﬁ ! if 7_? l 1

)

Figure 17 - Sway mechanisms obtained through pushover analysis for frames
designed by DDBD in accordance with TBEC-2018.
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Figure 18 - Capacity curves obtained through pushover analysis for frames designed by
DDBD in accordance with TBEC-2018.

The results for some of the important parameters together with the evaluated R values for
the designed frames in both cases are tabulated in Table 8.

From the table, it can be observed that for the case in which frames are designed through the
DDBD approach in accordance with TSC-2007, overstrength factors for all frames are around
one. They are just above one for 3- and 5-story frames, while for the 8- and 12-story frames,
they are exactly one. This is because the yield strength of the structure should not be less than
the design strength of the structure; thus, the yield strength of the structure is kept at least
equal to the design strength. However, for the case in which frames are designed through the
DDBD approach based on TBEC-2018, overstrength factors for all frames are larger than
one. In addition, generally, in both cases, the R values are reduced with an increase in the
number of stories. Finally, from the table, it can be seen that RC frames designed using the
DDBD approach based on TBEC-2018 provide higher R-value values than those designed
using the DDBD approach based on TSC-2007. This is because of the overstrength factors,
which for the cases designed through the DDBD approach with respect to TBEC-2018 are
much larger than for the case of frames designed using the DDBD approach with respect to
TSC-2007.
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Table 8 - Evaluated values of R for designed frames with some important parameters.

DDBD in Accordance with TSC-2007 DDBD in Accordance with TBEC-2018
Parameters 3-Story  5-Story  8-Story 12-Story 3-Story  5-Story  8-Story 12-Story
V,; (kN) 436.00 657.41 858.83 1053.00 262.20 408.53 462.54 496.25
Vy (kN) 455.46 721.30 858.83 1053.00 568.20 698.14 735.46 765.72
V, (kN) 504.61 882.99 950.15 1124.77 611.19 749.73 811.04 896.94
u, (m) 0.0550 0.0728 0.1600 0.2455 0.0846 0.1197 0.1752 0.2533

U,y (M) 0.3027 0.3749 0.6180 0.7467 0.3418 0.5458 0.6970 1.0517

Rq 1.0446 1.0972 1.00 1.00 2.1670 1.7089 1.5901 1.5430
2 5.5061 5.1486 3.8626 3.0415 4.0412 4.5595 3.9777 4.1523
T (sec) 0.7417 0.8783 1.2418 1.7741 0.8407 1.1357 1.6686 2.4758
() 1.0993 0.9786 0.8082 0.7995 0.9572 0.8470 0.8033 0.9027
Rﬂ 5.0989 5.2393 4.5417 3.5535 4.1771 5.2026 4.7067 4.4922
R 5.3265 5.7485 4.5417 3.5535 9.0518 8.8907 7.4839 6.9858

7.2. ET Analysis and Results

To compare the results obtained by the DDBD approach based on two Turkish seismic codes
by dynamic analyses, the ET method is used due to its ability to decrease computational
efforts and provide reasonable estimates of structural responses. To consider the impact of
ground motion duration on the structural responses, the ETA40Ic series of excitation
functions are used for which the cumulative absolute velocity (CAV) has been included in its
generation process. Three earthquake hazard levels having the probability of exceedance
50%, 10%, and 2% in 50 years with 72,475, and 2475 years of return periods are considered.

2.00
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J|=" ET Curve (TBEC-2018)
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== ET Curve (TSC-2007)
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Figure 19 - Performance curve of §8-story RC frame designed by the DDBD approach in
accordance with TSC-2007 and TBEC-2018.
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According to the way previously stated, the target times of these excitation functions are also
calculated for each frame corresponding to these hazard levels. The ET performance curve
for eight-story frames is shown in Figure 19. Since the structures designed by the DDBD
approach have different periods for TSC2007 and TBEC2018, the times are mapped to return
periods. In this way, it becomes simpler to interpret the differences in the IDR results. As
shown in the figure, TBEC-2018 exhibits higher IDRs values than TSC-2007 at various
hazard levels. This confirms the results of pushover analysis as well.

The average values of maximum base shear forces of each frame at different hazard levels
under ETA401c01-03 are tabulated in Table 9 for the DDBD approach based on TSC-2007
and TBEC-2018. From the table, it can be concluded that as the number of stories increases,
the base shear force is also increasing for all cases of hazard levels.

Table 9 - Average values of maximum base shear forces (kN) obtained from three ET

analyses.
Number TSC-2007 TBEC-2018
of Stories [ 5004/50 yrs  10%/50 yrs  2%/50 yrs | 50%/50 yrs  10%/50 yrs  2%/50 yrs
3 362.682 509.466 662.841 264.116 562.447 596.492
5 436.309 796.567 934.156 323.175 751.028 786.500
8 530.943 872.270 1161.959 | 335.760 835.601 935.933
12 544.646 1121.363 1477.376 | 380.879 878.117 1121.882

The average values of input energy and modal damping energy at target times corresponding
to different hazard levels are tabulated in Table 10 and Table 11, respectively. Figure 20
shows the input and modal damping energies of the eight-story RC frame designed by the
DDBBD approach in accordance with TSC-2007 and TBEC-2018, obtained from ET analysis
for the ETA401c01 excitation function. In this figure, the target times for different hazard
levels used in this study are also shown.

Table 10 - Average values of input energy (kN,m) at target times corresponding to different
hazard levels

Number TSC-2007 TBEC-2018

of Stories [ 500450 yrs  10%/50 yrs  2%/50 yrs | 50%/50 yrs  10%/50 yrs  2%/50 yrs
3 8.717 130.734 310.073 7.469 113.040 318.338
5 9.016 152.427 460.622 7.622 127.937 449.818
8 13.909 169.816 565.449 10.846 134.214 579.328
12 15.286 248.219 759.461 13.244 199.886 581.085
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Table 11 - Average values of modal energy (kN.m) at target times corresponding to
different hazard levels

Number TSC-2007 TBEC-2018
of Stories [ 500450 yrs  10%/50 yrs  2%/50 yrs | 50%/50 yrs  10%/50 yrs  2%/50 yrs
3 5.742 94.345 277.810 | 4.094 74.787 256.388
5 5.936 119.810 406.166 | 4.298 96.019 344.250
8 7.719 132.585 477.114 | 4.436 104.832 373.628
12 8.071 172.255 582.258 | 6.853 98.679 252.792
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Figure 20 - Input and modal damping energy for 8-story frame under ETA40Ic01:
TSC-2007 and (b) TBEC-2018.

In Figure 21, maximum IDRs resulting from ETA40Ic01-03 excitation functions and their
averages for frames designed by the DDBD approach in compliance with TSC-2007 are
shown for three hazard levels used in this study. Whereas Figure 22 compares the results of
average maximum IDRs for the frames designed by the DDBD approach based on TSC-2007
and TBEC-2018 for three hazard levels used in this study. From this figure, it is evident that
in all cases, TBEC-2018 gives higher IDR values with respect to TSC-2007, except for the

case of 3-story frame at lower hazard level with the return period of 72 years.

50



Nisar Ahmad KARIMZADA, Amir SHIRKHANI, Engin AKTAS

3-Story
RP=72 yrs RP=475 yrs RP=2475 yrs
3 v
| [
| [
- I 1
g, pe . J IS J .
s : I I
(]
5 ! '
S 14 g - g
]
1
1
o T T T T T 1 T T T 1 T
0.0 0.2 0.4 0.6 0.8 0.0 0.4 0.8 12 16 0.0 0.5 1.0 15 2.0
IDR (%) IDR (%) IDR (%)
—&— ETA40Ic01 ~®— ETA40Ic02  —¢ ETA40Ic03 === Average
5-Story
RP=72 yrs RP=475 yrs RP=2475 yrs
5
b
44 1 E 4
S 1
v 3 >~ g g
- I
2, 1 ] ju .
S I
&
]
14 ] ]
I
0 T T T T T =T
0.0 0.2 0.4 0.6 0.0 0.4 0.8 1.2 0.0 0.5 1.0 15
IDR (%) IDR (%) IDR (%)
—A&— ETA40Ic01 ~®- ETA40Ic02  —%— ETA40Ic03 === Average
8-Story
RP=72 yrs RP=475 yrs RP=2475 yrs
8
7 { 4
-6 - -
g
8% ] ]
44 E 4
4
S 31 1 1
&5
[P ] ]
14 J 4
o T T T T T T T T
0.0 01 0.2 03 0.4 0.0 0.3 0.6 09 1.2 0.0 0.4 0.8 12 16
IDR (%) IDR (%) IDR (%)
—A&— ETA40Ic01 ~®- ETA40Ic02  —%— ETA40Ic03 === Average
12-Story
RP=72 yrs RP=475 yrs RP=2475 yrs
12
11 E b
10 L 1
- 9 q 9
$ oo 1 ]
40 ] ]
2 s 4 i
2 a4 1 ]
[ B {
24 p {
14 p J
0 T T T T T T T T T
0.0 0.1 0.2 03 0.4 0.0 0.3 0.6 09 1.2 0.0 0.3 0.6 09 1.2
IDR (%) IDR (%) IDR (%)
—A— ETA40Ic01 ~®- ETA40Ic02  —%— ETA40lc03 == Average

Figure 21 - IDR obtained through ET analysis for frames designed by DDBD in
accordance with TSC-2007.
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Figure 22 - Comparison of IDR obtained through ET analysis for frames designed by
DDBD approach in accordance with TSC-2007 and TBEC-2018.
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The difference percentage between maximum IDR, base shear force, input energy, and modal
damping energy, obtained by the ET method between TSC-2007 and TBEC-2018, are
tabulated in the following table.

Table 12 - Difference (%) of the results obtained by ET method between TSC-2007 and

TBEC-2018
I:fu ;l:(t))fiz:s Maximum IDR Base Shear Force
50;’//;)250 IO;/;)QSO 29/50 yrs 50;/150 IO;/;)QSO 29/50 yrs
10.47 22.37 11.55 31.45 9.89 10.54
22.92 23.45 32.42 29.79 5.89 17.16
16.50 34.55 26.83 45.04 4.29 21.55
12 38.23 41.15 39.79 35.39 24.33 27.35
Input Energy Modal Damping Energy
3 15.42 14.52 2.63 33.52 23.13 8.02
16.76 17.47 2.37 32.02 22.05 16.50
8 24.74 23.42 242 54.02 23.38 24.33
12 14.31 21.57 26.61 16.31 54.31 78.91

8. SUMMARY AND CONCLUSIONS

In this paper, the DDBD approach, which is a performance-based design approach, has been
applied to multi-story RC moment-resisting frames in accordance with the Turkish seismic
design codes of TSC-2007 and TBEC-2018. The frames were also analyzed through TSC-
2007 and TBEC-2018 by the ELF method, and the base shear forces were obtained. These
base shear forces were compared with the ones obtained through the DDBD approach. The
ET method is a time history-based procedure for seismic evaluation of structures under
intensifying dynamic excitations aided to judge their performance at different intensity
levels. Because of the ability of the ET method to diminish computational efforts and
provide reasonable estimates of structural responses, it was also employed in this study to
compare the results acquired by the DDBD approach on the basis of two Turkish seismic
design codes.

The main findings of this research are summarized as follows:

e [t was found that the DDBD approach in accordance with TSC-2007 gives higher base
shear forces compared to the DDBD approach based on TBEC-2018 for frames with the
same cross-sectional dimensions of the members.

e The analysis results obtained for the frames according to TSC-2007 and TBEC-2018 by
the ELF method were also compared, and it was found that TBEC-2018 gives lower
values of base shear forces compared to TSC-2007 for different values of R.
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After designing the frames, pushover analysis was implemented for performance
assessment purposes. The beam-sway mechanism, i.e., the strong-column weak-beam
concept, was satisfied for all frames in both cases.

The results from pushover analysis also showed that frames designed through the DDBD
approach in accordance with TSC-2007 give R values between 5.75 to 3.55, while the
ones designed using the DDBD approach according to TBEC-2018 give R values between
6.99 to 9.05. It was also observed that with the increase in the number of stories, in
general, the R values decrease in both cases.

The ET performance curves of RC frames indicate that structures designed by the DDBD
approach in accordance with TBEC-2018 exhibit higher IDRs values than TSC-2007 at
various hazard levels.

The ET analysis results showed that the DDBD approach, in accordance with TSC-2007,
shows higher values for base shear force, input energy, and modal damping energy for all
frames, compared to the DDBD approach as per TBEC-2018.

The differences in the results between two Turkish seismic design codes obtained by the
ET method were also calculated. It was observed that the differences in the results have
various trends for the EDPs at three hazard levels used in this study.
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Appendix
The reinforcement details are provided in the following figures for the elements of all

structures.
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Figure A.1 - Cross-sections of columns and beams for 3-Story structure designed

using the DDBD approach in accordance with TSC-2007.
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Figure A.2 - Cross-sections of columns and beams for 5-Story structure designed using
the DDBD approach in accordance with TSC-2007.
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Figure A.3 - Cross-sections of columns and beams for 8-Story structure designed using
the DDBD approach in accordance with TSC-2007.
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Figure A.4 - Cross-sections of columns and beams for 12-Story structure designed
using the DDBD approach in accordance with TSC-2007.

61



Application of Endurance Time Method in Seismic Assessment of RC Frames ...

MStory  2Story 3 Story
Fvew
g
& a s
250 250 250
d, =20 mm d,=18mm d,=16mm
dy=10mm dy=10mm d¢=10mm
§=110 mm S=110mm S§=115mm

1" Story 2¥ Story 3“Story
Inner Outer Inner Outer Inner Outer
- e 0
E [ E
i E F :
7
Lt .
| .
350 | 350 350 | 350 | 350 350 |
d; =22 mm d;=22mm d,=22mm d;=20mm =20mm d,=18mm
dg=10 mm do=10mm dg=10mm ds=10mm dg=10mm dg=10mm
$=75mm §=100mm $=75mm S =100 mm S =85mm $ =100 mm

Figure A.5 - Cross-sections of columns and beams for 3-Story structure designed using
the DDBD approach in accordance with TBEC-2018.
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Figure A.6 - Cross-sections of columns and beams for 3-Story structure designed
using the DDBD approach in accordance with TBEC-2018.
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Figure A.7 - Cross-sections of columns and beams for 8-Story structure designed
using the DDBD approach in accordance with TBEC-2018.
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Figure A.8 - Cross-sections of columns and beams for 12-Story structure designed
using the DDBD approach in accordance with TBEC-2018.
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ABSTRACT H
Where a hillside stratified aquifer intersects the earth surface, springs and seepings from the
surface are observed. Cutting into this zone, thus opening it by digging, allows to increase
and capture water outflow. As a matter of principle this classical method for water extraction
without pumping, which is still found in hilly rural regions today, was already used 3600
years ago by the Hittites to fill the ponds of their capital Hattusa in Central Anatolia. The
today sedimented reservoirs were dug downhill of groundwater bearing zones. Rising in
winter, groundwater discharged into the ponds through alongside cuts. The Hittites avoided
the risks of strongly varying surface flows by opening near-surface groundwater and stratum
aquifers. Although hydraulic investigation based on in-situ measurement of groundwater
level supports the short-term efficiency of the ponds in supplying water to the ancient city,
at the long-term, the decline of the Empire was probably triggered by severe droughts
expanded over years. This seems plausible as severe droughts are still being experienced. For
a higher and more reliable water yield, the further development went from ’cutting’ in to
’penetrating’ into the aquifer with tunnel-like drain conduits which collected the water and
conveyed it to settlements and irrigation schemes. The improved water extraction system,
named qanats, appeared in Eastern Anatolia and Persia about 500 years after the abandon of
Hattusa. An example of a ganat system in western Iran is presented in this study with less
emphasis compared to the cut-in yet representative enough to demonstrate its role in
supplying water sustainably. We conclude that the ancient time thinking is the same as that
of modern engineering, and the ancient time hydraulic works are fundamental for today's
civil structures.
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1. INTRODUCTION

With increasing concern on the global climate change and the local asymmetrical balance
between water demand and supply, drought remained one of the unsolved problems of
hydrological extremes [1]. This is the fundamental reason for the bloomed interest about the
drought not only to better understand its technical context at local, regional or larger scales,
and to develop methodologies [2-6] but also to link the drought with its social aspects due to
the direct impact on economy, ecology and society [7-8]. As it is for today, the drought has
affected on the society in the ancient time. Its effect has been such strong that several well-
known civilizations including the Mayas [9-11], the Hittites [12-13], and civilizations along
the ancient Silk Road [14] have collapsed because of its consequences reducing the
agricultural yield, causing famine and destabilizing the food security.

Drought is related to deficit in water resources through a cause-effect link. Any deficit in
water makes the resources unsustainable and thus unreliable. To combat water deficit as a
result of unsustainable water availability because of either the usual within-year seasonality
or the over-year variability during prolonged dry periods with severe droughts, water is
collected in natural or human-made small scale ponds or large-scale dam reservoirs. This has
been practiced in the ancient time as well in a much less modern fashion than today. The
Hittites, an ancient civilization in Central Anatolia, Turkey, have practiced these by building
dam to collect water in reservoirs. A simpler technology they have practiced is the so-called
‘cut-in’ the groundwater aquifer, which is the issue we present in this study. In the absence
of modern machinery technology in the ancient time, stored water has been conveyed to
lower altitude points where water is demanded by using the gravity through open channels
or underground pipes. For arid regions where surface water resources are lacking, qanats,
another technology, that convey water from the groundwater aquifer through underground
galleries excavated for long distances have been used.

In this study, we look at these two ancient water extraction techniques; the ‘cut-in’ and
‘qanats’, the latter is being more engineered than the former. The ‘qanat’ technology has been
well documented in the literature, while the ‘cut-in’ technology itself and its transition (or
better we say its evolution) from the water-storing ‘cut-in’ to the water-conveying ‘qanats’
has not been well demonstrated. Thus, we pay an attention to this evolution with less
emphasis on qanats through examples from Central Anatolia in Turkey and Western Iran.

2. THE HITTITE’S CUT-IN WATER COLLECTION SYSTEM

Among many ancient civilizations, the Hittites who settled in the Hattusa (Hattusha) region
in Central Anatolia, Turkey (Figure 1) have left remarkable remains of water works [15].
Hattusa is in the western part of the Kizilirmak River basin at approximately 40°N and
34.6°E. The area of the ruined city rises from about 950 m above sea level in the north to
1250 m in the south. The mean annual temperature is between 8 and 9°C, with great seasonal
variation. Mean annual precipitation is around 500 mm, significantly smaller than the
potential annual evapotranspiration of about 1000 mm caused by the high solar radiation.
The deficit of 500 mm occurs in the period from April to November and leads to high water
losses and intermitting the surface runoff. The discharge of the small creek, Budakézii, which
flows in the valley east below the ruined city to the north, fluctuates at the gauging station
15-166 Bogazkale of State Hydraulic Works (Devlet Su Isleri) of Turkey between more than
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25 m’/s (400 1 57! km2) at snow melting season and less than 20 1/s (0.32 1 s”! km?) in the dry
summer.

0 250 500 km
Pt

Figure I - Location of the Hittites’ capital city Hattusa (Hattusha) in Central Anatolia,
Turkey.

The excavations and investigations in the archaeological site yielded extensive knowledge
about construction techniques, history, culture and social structure of the Hittites and life in
their capital Hattusa (Figure 2). However, the issue of the city water supply received less
attention, apart from the discovery of some cisterns, water basins and springs. There are
remains of dams, irrigation canals, and water collection structures from the Hittite period in
Central Anatolia dating back to the second millennium BC [16]. Many thousands of people
lived and worked on the steeply sloping terrain of today's ruined city, whose households,
gardens, livestock, workshops, and places of worship had to be supplied with water and
protected from fire. Targeted water management was necessary for this, especially in view
of the hot and dry summers.

In 1989, larger, completely sedimented water reservoirs were discovered in the upper city
and excavations were carried out on them, initially at the two eastern ponds with a capacity
of approximately 36,000 m?, and from the year 2000 at the complex of the five southern
ponds (total volume 20,000 m?) (see map in Figure 3 from [17]). When P. Neve uncovered
East Pond 1 (Ostteich 1), found by himself, he considered it to be a cultic facility, a "sacred
pond". However, the size of the reservoir and several Hittite hydraulic structures that were
documented in the following period suggested that the ponds played an essential role in the
water supply. Therefore, the issue was investigated from the hydraulic engineering
perspective [18].

In the region, numerous artesian wells and cattle troughs indicate abundant groundwater
resources while at the same time, rivers and streams fall dry. There are also various spring
horizons on the slope of the ruined city and south of it, which presumably fed the ponds 1
and 2 in the central upper town (Figure 3), as well as some fountains in the urban area. In
modern times, the city of Bogazkale, located directly to the north below Hattusa, is supplied
with drinking water from the hillside springs, some of which are located within the ruins. The
wells are still in use today.
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Figure 2 - Remains and ruins of the lower city of Hattusa.
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Figure 3 - Topographic map of the upper city of Hattusa with East and South ponds [17] as
revised by J. Seeher in 2023. The blue dotted line with question marks shows the
approximate routing of the initially assumed pipeline, the blue arrows indicate the seepage
directions of groundwater into the ponds.
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3. FROM CUT-IN TO QANATS

We easily understand that after the climatic catastrophe and its impacts on civilization,
antique engineers looked for methods for a higher and more reliable water supply. After the
‘cutting-in” water-bearing layers, it was logical to expect more water by ‘penetrating’ the
layer through a gallery called qanats (from Arabic canal) as a follow-up technology. Qanat
systems were operating 500 years later in Eastern Anatolia [19] and then or simultaneously
in Persia for which an example from western Iran is given in this study. It is likely that the
new technology spread from the then empire of Urartu. Some scholars report that the qanat
technology might have been developed independently in various regions of the Middle East,
Mediterranean and North Africa [20]. However, it is generally agreed that qanats were
developed somewhere between the northwest of today’s Iran, southern Azerbaijan and
Armenia, and eastern Turkey [21], and spread to the Mediterranean, North Africa and Europe
through cultural exchange, conquests, resettlement, migration and wars; to South America
through colonization; and to Afghanistan, Pakistan, China and Japan through trade routes,
particularly the Silk Road [22-25]. For China, while one theory says that the shaft/tunnel
construction technology was used by ancient Chinese, thus it was a local innovation
developed by indigenous people, it is more convincing that this technology was imported to
China along the ancient Silk Road [26].

Despite the uncertainties about the time and place of the origin, it is mostly agreed that
settlements as old as of 1000 BC relied on the qanat system for irrigation, meaning that the
ganat technology is at least 3000 years old [27]. Some discoveries in central Iran date even
back to 2000~3000 BC; e.g., the Gonabad ganat system in Iran of 2700 BC is recognized as
the oldest in the World, still used for irrigation of Saffron farmlands [28]. Many existing
ganat systems have stopped flowing by the effect of droughts as in the example from
Afghanistan [29] while some may, at the same time, be flooded after the human-made
intervention as in the example from the Bouda Oasis in Algeria [30]. With the rise in the
awareness and demand for sustainable development and resilience against the nowadays
climate change, the ancient-time qanat technology gained popularity among the modern-time
researchers and practitioners. Among many, for instance, the ancient qanat systems in Iran
[31], Syria [32], Cyprus [33], Algeria [34], China [35], and Afghanistan [36] were studied.

We see that qanats are mostly built where there is no permanent and reliable surface water
available. When surface water resources are scarce or groundwater is preferred as the main
water resource, qanats could particularly be useful. They prevent evaporation from water
flowing under the surface without being in direct contact with the heat. Thus, they were
practiced mostly in arid and semi-arid parts of the Earth where one of the sustainable water
resources is groundwater. It should also be emphasized that the qanat system is not simply a
set of vertical wells connected to a sloping conduit. It is made of a complex networks of water
distribution with connections between gqanats to ensure water supply to each owner [37].

4. RESEARCH HYPOTHESIS

In a first stage of the field inspection and sighting of documents, the earlier assumption of
adduction of water through pipes or canals from outside the city of Hattusa (hypothetical
route dotted in Figure 3) could be practically ruled out due to water management, strategic
and topographical considerations, especially since no remains of such a pipeline were found.
In contrast, the perennial pasture fountains on the slope (Figure 4) indicate layers carrying
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groundwater. Figure 5 shows a schematic section in south-north direction through the area of
the ruined city and the eastern ponds, considering the topographical and hydrogeological
conditions. Geologically, the area is characterized by ophiolitic series. The percolating
precipitation is dammed up on impermeable or low permeable layers of serpentine, loam, or
clay. The resulting groundwater drains down on these layers and emerges through springs or

wells situated where the impermeable layer meets the ground surface.
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Figure 5 - Schematic topographical and geological section of the East Ponds. Infiltrating
precipitation is retained and distributed by impermeable clay layers feeding springs.
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Figure 4 - Pasture fountain on the slope.
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The following hypothesis was defined: As the nowadays herders who build simple troughs
at out seeping spots for their animals, the Hittite engineers were aware of the water bearing
layer (Figure 5). Instead by a spot opening, however, they opened it by a longer cut for a
higher yield. A reservoir (pond) dug into the impermeable layer below the cut collected and
stored the discharging groundwater.

5. HYDRAULICS AND HYDROLOGY

5.1. Characteristics of Rockfill Dam and Principal Mechanism of Filling the Ponds -
Hydraulics

On the valley side, the eastern ponds were enclosed by approximately 1.5 m high rockfill
dam, which, like modern rockfill dams, were equipped with a sealing core made of clay with
a foundation in a spur ditch (Figure 6). The mountain-side southern bank of the pond was
also sealed. Figure 6 shows a cross-section through the spur ditch that was deepened into the
impermeable layer and filled with clay. Remains of an overflow channel can also be seen in
the archaeological site. This was apparently a spillway, an indispensable structure even on
today’s dams. With a usable volume of approximately 24,000 m® the East Ponds could
support thousands of inhabitants and store essential volumes for firefighting, livestock
watering, gardens, crafts and ritual purposes.

—1137.00 m

= 1136.00 m

—1135.00 m

1134.00 m

Figure 6 - Cross-section of the rockfill dam through the spur ditch [38].

Following the idea in the hypothesis, in autumn 2009, boreholes were sunk directly above
the ponds in the Hattusa archaeological site and groundwater level measuring points were set
up to collect data. The recordings of the groundwater level confirmed the working hypothesis.
In the wetter winter half of the year, the groundwater rises and pours out of the cuts into the
ponds. For this purpose, the groundwater level had to exceed a minimum height (threshold
level), which required sufficient precipitation for the formation of new groundwater. Figure
7 shows the weekly measured groundwater level from 2009 to 2011 and the replenishment
processes at the hillside edge of East Pond 1. In these years with normal annual precipitation,
the threshold groundwater level was exceeded for many weeks allowing that the ponds would
have been filled sustainably.
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Figure 7 - Measured groundwater level in 2009 — 2011 (left), East Pond 1 and inflow
principle (right)

5.2. Temporal Variation - Hydrology

While the hypothesis and the principal mechanisms of filling the ponds of Hattusa by cutting
in groundwater bearing hillsides are confirmed by the measurements, the quantification and
determination of the temporal distribution of these inflows need further evaluations. In the
following, a hydrogeological approach is proposed which is based on the performed drillings
as well as some assumptions and estimations. It is explained how the ponds are filled based
on in-situ measurements of groundwater level.

The approach is applied for the example of East Pond 1 (Ostteich 1). Available topographical
maps (e.g., Figure 3) show that the land surface slopes by about 10% from the south towards
the southern cut edge of the pond where the filling was to be expected (Figure 7). The same
slope is assumed for the approaching groundwater surface; several smaller seeps and wells
are backing this assumption. Particularly valuable for the method was the existence of a
modern well in the vicinity uphill of the East ponds. This perennial fountain named Kor
Ahmet Pmarn (Blind Ahmet Spring) has a trough for livestock watering and is fed via a
perforated tube from the same aquifer as the East Ponds were. In addition to the groundwater
levels at the installed measuring tubes at the ponds, the outflow of the fountain was measured
every week since September 2009 by counting the seconds to fill a 10-liter bucket.

When in winter due to precipitation, the groundwater rose above the threshold level, the
inflow to the pond came out of the same subsurface reservoir as the fountain outflow. In a
simplified view, during each time step of 7 days, a water volume with a rectangular cross
section of about 90 m length (length of the cut-in, thus the southern edge of the pond) and its
measured height of groundwater level minus threshold height is passing the cut-in. The
reservoir consists of pervious material (see Figure 7), gravel, sand silt etc. for which a
hydraulic conductivity of k¢ = 1 x 103 m/s was assumed. The percentage of effective pore
volume (n.y) of the total volume can be estimated by [39]

Nepr = 0.462 + 0.045 In(ky) €))
Thus, in the present case, n = 15%. Following the slope, the water stored in the pores will

move towards the pond. Since groundwater flow is considered as laminar, the Darcy equation
can be used to estimate flow velocity (vy):

72



Hartmut WITTENBERG, Hafzullah AKSOY

where [ is slope of the groundwater surface. For /= 0.1 and & = 0.001 m/s, v/= 0.0001 m/s
is obtained. With this velocity, groundwater of a flow travel length f; = 60 m flows out at the
cut-in line during one time step of 7 days. At a height above the threshold (e.g. #=0.5 m), a
water volume of about 400 m?, typically observed at 20 measurements in a year (weeks of
groundwater level above threshold), a volume of around 8000 m® would pour out into the
pond. With a basis area of 90 m x 50 m = 4500 m?, this would correspond to a filling depth
of 1.8 m in the pond.

However, it is important to consider that the inflows into the pond are not directly represented
by the measured groundwater levels above the threshold. These values indicate the grade of
filling of the aquifer or the recharge of this reservoir. The outflows of groundwater storage
(Ostorage) above the threshold (1.5 m) determined as lined out above are the inflows into the
pond. Since the flows into the pond are originating of the same aquifer as those of the nearby
fountain, it is expected that their temporal pattern, their response to the variation of
groundwater levels will be very similar, except the volumes.

For verification, we applied the linear reservoir algorithm to calculate inflow (Q;) and outflow
(Qo). The linear reservoir algorithm assumes that at any time the outflow Q, is proportional
to storage volume S, thus:

S =kQ, 3)

The flow recession is described by an exponential equation. Since the algorithm corresponds
to the Darcy law (laminar flow), its application on groundwater processes is reasonable.
Continuity equation is:

S¢ = Se1 + (Qu—Qo)At 4

in which Qi and Qo are inflow and outflow discharges, respectively, averaged over time
interval At. Equation 4 can be numerically solved to compute outflow at the current time by
using outflow at the previous time and inflows at the current and previous time steps, as:

_ (Qig+Qig—1) 0.5 At+ Qop—g (k—0.5 At)
- k+0.5 At

Qo,t 6]
The calibration of the recession coefficient £ which has the dimension of time is based on the
recession curve analysis; £ is the reciprocal value of the slope of the logarithmic recession
curves. Figure 8 shows the calibration using the recession of the fountain flows from 31 May
to 5 October 2012. As the slope is 0.0503, the reciprocal is 1/0.0503 = 20 and with weekly
(7-day) time interval of the measurements, k becomes 140 days.

The computed outflows of the aquifer and inflows into the pond are shown in Figure 9
together with the fountain outflow. For an easier visual comparison, the fountain outflow was
extrapolated to Qsiorage at East Pond 1 from 2010 to 2015, by multiplying with the ratio
between the volumes of groundwater storage and the fountain, Volsiorage/ VO0lfountain, fOr every
year. Figure 9 shows also the time series of groundwater storage (QOsiorage)- The inflow
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volumes and their temporal patterns are now clearly seen. It shows the retention effect and
the characteristics of flows having passed a reservoir: attenuation of flows, retardation, with
the typical indication that the peak of the outflow hydrograph is positioned on the recession
limb of inflow. The coefficient of determination between Qfumain and the computed outflow

into the pond Qyeservoir is RZ = 0.9.
6
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Figure 8 - Calibration of recession constant k for the fountain flow (Qfounwain) measured
weekly between 31 May 2011 and 5 October 201 1.
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Figure 9 - Infiltration inflows to aquifer of East Pond 1 (fluctuating line with sharp peaks)

based on measured groundwater storage level, fountain outflow extrapolated (round solid

line), outflow into the pond computed by linear reservoir routing (round dashed line). Note
the dry year 2014.
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6. QANATS IN SUFI VILLAGE, NORTHWEST IRAN

A still functioning example was selected from Sufi Village located near Maku in West
Azerbaijan province, Northwest Iran (Figure 10). The Sufi River crosses the center of the
village and drains its area of 45 km?. It is 14.65 km long with 5.75% slope. Mean elevation
of the drainage area is 2008 m above sea level and concentration time is 2 hours. The climate
of the region can be considered as semi-arid cold with mean annual temperature of 15°C and
295 mm annual precipitation. The village is home of three ganats named Amir, Dirsak and
Choupan Goli. As reported [40], the qanat system has an average outflow between 4.0 I/s and
13.2 I/s.

Sufi Village A

250

Figure 10 - Location of Sufi Village near Maku in West Azerbaijan province, Northwest
Iran.

The Sufi Village gqanat system was improved with the so-called underground or submerged
sand dam constructed in the Sufi River. This is a technical term used for a structure to store
water of an intermittent river within the sand and gravel of the riverbed. It is apt for riverbeds
of bedrock or in other impervious material filled with gravel and sand. A wall of about 1-m
width is built of rubble concrete or masonry in a trench across the river up to the gravel
surface level (Figure 11). Stepwise the trench is refilled with gravel supporting the wall
against horizontal forces. The wall is blocking the gravel zone of the river. In the rainy season,
flow which would otherwise go downstream is retained filling the interstices of the gravel
behind the wall. The storage volume, depending on the porosity, can make up to 50% of the
gravel volume. The stored water is protected against evaporation and pollution and can be
obtained by wells or conveyed to a downstream water intake system through an orifice
attached to the wall as an underearth bottom outlet. The stored water is of high value in dry
seasons particularly. The Sufi River case is detailed below as an example combined with the
ganat system.
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The underground dam in the Sufi River is used to retain and store water infiltrating during
flows in the pores of the sediment upstream (Figure 12). The sediment is composed of sand
or natural gravel allowing easy transmission of water. Water is discharged to the existing
ganat channel (conduit) by an orifice attached to the wall as an underground bottom outlet of
the submerged dam and reservoir. It is then conveyed by the qanat channel to lower areas.
The qanat system reaches downstream for about 100 m to capture further smaller occasional
drain water volumes.

bedrock bedrock

Figure 11 - Sand dam, schematic, left: longitudinal section, gravel upstream of wall storing
water retained from a flood, right: cross-section, sight on the wall without gravel.

Figure 12 - View from the crest of the underground dam in Sufi River
(Photo by B Vaheddoost).

For a quantitative assessment, reported discharge measurements [40] from the seventh month
(Mehr) of the Jalali year 1382 (starting from 23 September of the Gregorian year 2003) to
the twelfth month (Isfand) of the Jalali year 1386 (ending in 20 March of the Gregorian year
2008) were used (Figure 13). Sudden rise is visible in the first month (Ferwerdin) of the Jalali
year 1386 in the Amir ganat after the upstream underground dam was completed.
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Figure 13 - Monthly mean discharge at the Amir qanat with a sudden rise in the first month
of the Jalali year 1386 (March in the Gregorian year 2007) after construction of the
underground dam (Data from [40])

7. AN INSIGHT FROM ENGINEERING POINTS OF VIEW
7.1. Drought and the Decline of the Hittite Empire

The decline and abandonment of Hattusa began around 1200 BC. During this period, famines
due to low rainfall in the Greater Region are historically documented. At the time of Pharaoh
Merenptah (1213-1204 BC) the Egyptians delivered grain to the Hittites to cope with a
famine that had occurred there [41]. A series of ‘dry years’ in 1198-1196 BC with little
precipitation, which showed the character of prolonged droughts, not only led to the failure
of the grain harvests, but also prevented the supply of water in the ponds and thus initiated
the abandonment of the city [12].

The dry year 2013-2014 with its measured values gave the opportunity to understand such a
situation. In 2013, the Corum meteorological station of Turkish State Meteorological Service
(Devlet Meteoroloji Isleri) recorded the lowest annual precipitation of the time series 1929-
2018 with just over half of the mean annual precipitation. This is a dry year with severe
drought being effective in Turkey [42-43]. The dry year has a statistical return interval of
around 90 years. The correspondingly low groundwater recharge brought the water level in
the east ponds only for a short period of time above the threshold level while, in the south
ponds, it remained below the measurement range. The southern ponds would not have been
filled, the eastern ponds only slightly. Figure 14 shows the groundwater level below the
terrain level of the two measurement points and above the annual precipitation. The dry phase
and the recovery in 2015 are evident. The southern ponds were taken out of service earlier,
probably due to unreliable filling. A longer series of years with little precipitation will also
have restricted the function of the eastern ponds and contributed to the decline of the empire.
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Figure 14 - Measured groundwater levels in 2009 — 2018, South and East Ponds, with
annual precipitation P (Corum) and threshold levels T, above which groundwater could
discharge into the ponds. The data gap 2015-2017 was simply caused by loss of the hand-
written data sheets of this period.

7.2. Hydraulic Engineering about Qanats

Qanat technology is understood as a further development of the ‘cut-in’ method described
above for extracting ground and strata water. Instead of simply opening up the aquifer where
it meets the ground surface, a 1- to 2-m diameter tunnel is driven into the aquifer. Well-like
vertical shafts are dug at regular intervals, first for removing the excavated material, then for
maintenance and ventilation (Figure 15a). Craftsmen who excavated the gqanat were called
Muganni in Farsi (the ganat-diggers). Stabilized by rough rubble masonry to withstand
collapse, the gallery (Figure 15b-c) receives water draining from the aquifer and transports it
by gravity to the outlet. The gallery typically follows the slope of the ground surface or
aquifer, but other slopes can be used where appropriate. Structurally, qanats are resistant to
natural or human-made disasters; e.g. earthquakes, floods or wars. In spite of the old
background, there are still qanats actively in use.

This evidences that the way of thinking and the engineering approach of the ancient water
supply systems was evidently similar, if not the same, as today's engineering practice. With
machinery and much better-established theories it is possible to replicate the ancient water
systems in hydraulic engineering for sustainable water resources development projects, for
groundwater particularly. The modern water chambers and well rooms are based on the
principle of opening water-bearing layers, as used for the qanats.

The discharge rate of qanats is traditionally determined by volumetric flow measurements at
the downstream outlets, while modern systems are now available. The physics behind the
technology is almost the same as the classical drainage systems, that water is discharged
naturally by gravity given by the hydraulic gradient and the soil conductivity of the aquifer
and the cut surface area. In the qanat, it is the slope of the channel (the almost horizontal
conduit) transporting the outflow.
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Figure 15 - (a) A typical longitudinal view of ganat showing main elements of the system,
(b) top entrance of vertical access shafis on the ground surface, (c) ganat channel (Fogara
at Adrar, Grand Western Erg, Algeria, year 1965, Photos by H Wittenberg).

8. CONCLUDING REMARKS TO THE ANCIENT TECHNOLOGICAL HERITAGE

In the case of the ponds, as well as of other Hittite reservoirs, such as that of Alacahdytiik
(~1250 BC), the risks of strongly fluctuating and often violent surface inflows were avoided
by opening near-surface groundwater and strata aquifers. The technology improved the water
supply and the prerequisites for the development of Hattusa into the capital of a great empire.
After this success by ‘cutting-in’ water-bearing layers on the slope, it was only logical to
achieve even better results by ‘penetrating’.

The ‘cut-in’ technology can be regarded as a preliminary stage of the qanat systems, in which
tunnel-like drainage conduits allowed the extraction of larger groundwater flows throughout
the year in a more sustainable way. Qanats, as an ancient invention, are appropriate for
supplying water in arid and semi-arid regions as they are little affected by the fluctuation of
surface waters and prevent groundwater overuse.

Spring captures and well rooms of today are also based on the principle of opening water-
bearing layers. An engineering points of view insight shows the non-machinery human-
powered or gravity-oriented ancient simple techniques have been fundamentals for today’s
machinery-powered complex technology. The way of thinking and the approach of the
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builders of antiquity were evidently quite the same as those of today's engineers, even without
machines and theoretical foundations. Their works were fundamental for today's methods.
Qanats can still be considered among appropriate water supply methods in arid and semi-arid
areas despite the availability of modern equipments such as pumps allowing the withdrawal
of higher discharges from deeper groundwater levels.

Perhaps it is more important to emphasize that the qanat technology has contributed to
civilizations by helping the settlements; e.g., villages, to form and supported cooperation
among water users by sharing the available water for their demand. The ganats might have
better overcome deficit in surface water during drought, and thus might have prevented or
delayed the collapse of the Empire if they would have been known by the Hittites.

Symbols

I : Slope of groundwater surface
k : Recession constant (day)

ks : Hydraulic conductivity (m/s)
Negy : Effective pore volume (%)
Qi : Inflow discharge (m?/s)

Qo : Outflow discharge (m?/s)

S : Groundwater storage (m?)

t : Time (week)

Ve : Flow velocity (m/s)

At : Time interval (week)
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ABSTRACT

This paper presents the effects of fundamental member and loading parameters on total
dissipated energy capacity of RC columns in a quantitative way by using an experimental
database. Specifically, concrete compressive strength, yield strength of reinforcing bars;
shear span-to-depth ratio, reinforcement ratios; peak drift ratio, and axial load ratio, are
considered as influencing factors. Pearson’s correlation coefficients are utilized as
dependency indicators to construct a correlation matrix where the effect of each factor on
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A Quantitative Investigation on the Effects of Flexure-Dominated Reinforced Concrete
Column Characteristics on the Dissipated Energy

dissipated energy level is quantified. Results show that the effective factors among selected
features are peak drift ratio, transverse reinforcement volumetric ratios of a member, and
yield strength of rebars whereas the heaviest influencing factors are the first two.

Keywords: Energy-based design, dissipated energy capacity, reinforced concrete columns,
correlation levels.

1. INTRODUCTION

The fundamental structural design principle in earthquake engineering is to avoid failure of
structural members and partial or total collapse of structural system. In other words,
dissipating the earthquake-induced input energy without jeopardizing member integrity and
structural stability is a key issue in seismic design. This is commonly achieved by
maintaining adequate strength and ductility on material, section, and structural levels. Both
the conventional seismic design procedures (i.e., force-based, and displacement-based), and
recently developing design approach namely energy-based seismic design of structures,
recommend the designers to avoid brittle or low-ductile behavior of components due to high
compression forces; shear failure in members and connections; inadequate reinforcement
development, splicing and development length. Once these actions are avoided, stable
hysteresis loops, thus effective energy dissipation, through inelastic cyclic responses is
achieved.

The inelastic cyclic response of structural members plays a crucial role in accumulation of
deformations in a structure. When fundamental seismic design recommendations are
improperly applied to a structural element, it can lead to misleading outcomes. This can result
in the accumulation of damage throughout the structure, primarily caused by insufficient
levels of total energy dissipation in individual structural members.

The energy dissipation capacity of the structural members is evaluated as calculating the area
enclosed by the force-displacement hysteresis achieved during the cyclic loading.
Specifically, the area under the force-displacement response is known as the dissipated
energy. Examples of experiment-based loading procedure and corresponding component
response are represented in Figures 1a and 1b, respectively [1].

No.3 J
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= < 7 !
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= 00 =-100) / /" /H2~""( Dissipated
= d v S,
[&) 200 ¢ y v/ energy,
-0.04 = ZArea o0
0 100 200 300 400 s00 004 -0.02 000 002 004
Step Displacement [m)]
(2) ()]

Figure I - (a) Experimental loading protocol, (b) obtained force-displacement hysteresis
for No.3 specimen of Gill [1]
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The prediction of component-based energy dissipation and deformation capacity has been
studied by several researchers in the past years. PoljanSek et al. [2] presented the effects of
fundamental input parameters on the hysteretic energy dissipation and deformation capacity
of RC columns in terms of several normalized forms of energy quantities. They concluded
that the hysteretic energy capacity is mostly affected by the reinforcement ratio and axial load
level variations. Acun and Sucuoglu [3] investigated the effect of failure modes, ductility,
and material characteristics of RC columns on the energy dissipation capacity. For this
purpose, test units were subjected to cyclic displacements having varying amplitudes.
Deteriorations were observed in dissipated energy levels with constant-amplitude cycle
numbers. Rodrigues et al. [4] performed an experimental study to assess the energy
dissipation characteristics and to estimate the equivalent damping ratio of RC columns under
biaxial bending effects via full-scale testing. Significant variations in dissipated energy
capacity were observed due to the level of axial loading. Vu et al. [5] investigated the effects
of variability in axial loads on the hysteresis characteristics of RC short columns. Results
showed that the hysteresis loops become more unsymmetrical depending on the variations in
axial load. Yang et al. [6] performed an experimental study to reveal the effects of the
corrosion of rebars on hysteresis behavior. Critical thresholds for the maximum corrosion
level and numerical dilation crack widths were proposed. Based on component-based
investigations detailed as above, recently proposed seismic design methodologies are being
developed to implement the energy-based design principles for RC type structures [7].

Due to the limitations in the number of specimens that can be tested, researchers may also
refer to the existing experimental databases [8-10]. Very often, these databases are compiled
based on specimen and reinforcement details, test loading protocols and types. Then, the
compiled datasets are either used to investigate the correlations between the feature and target
quantities or to propose empirical equations for predicting the target parameter [11-12].
Finally, relevant research studies may be a good basis for defining the hysteresis rules in
scope of analytical processes [13-16].

The attention on the energy-based seismic design is increasing, however, determination of
the energy capacity of structural members and joints is still a developing topic. To the
authors’ knowledge, even here are numerous efforts on predicting the energy dissipation
capacities that will contribute to the improved design of structural members [17-20], very
limited or none of them deals with predicting the effects of parameters on energy dissipation
capacities in a quantitative way. Hence, the rationale of this study is to associate the section
and loading characteristics with the dissipated energy levels of members and thus to release
crucial impact on energy capacity of RC columns. Moreover, a fore-knowledge of
influencing factors may lead the designers to more efficient solutions and may provide a basis
for future seismic code provisions focusing on the energy-based design concept. Specifically,
the correlations are revealed in a quantitative way with the compilation of a dataset. For this
purpose, the compiled dataset is described first, and the statistical properties are given. Then,
the methods to be used for correlation-based investigations are explained. Following the
discussions for the correlation and dependency levels between the features and target capacity
parameter, selected test unit characteristics are further investigated. In this paper, the target
dataset is fundamentally focused on flexure-dominated rectangular RC column type members
to represent new code compliant structures. In the study, a wide feature parameter set, (i.c.,
concrete compressive strength, yield strength of rebars, shear span-to-depth ratio,
longitudinal rebar ratio -as the ratio between the area of longitudinal rebars and the member
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cross-sectional area- and transverse reinforcement volumetric ratios -as the ratio between the
volume of transverse reinforcement spaced as the interval and the core area times spacing
between transverse reinforcement-, peak drift ratio, and axial load ratio) were considered.
The effect of shear deformations on the shape of hysteresis loops are not considered within
the scope of this work but based on this premise, further investigations will be implemented
into different database contents by taking into account the proposed procedure.

2. MATERIAL AND METHODOLOGY

Details of compiled test unit database and methods that are used to investigate the
dependency levels between the selected features and energy capacity parameters are
explained in this section.

2.1. RC Column Test Unit Database

Open access databases provide a basis for analytical studies including metadata and the
responses of past experiments in the literature as verification results. The database used in
this study is extracted from DesignSafe database [9] that includes RC column test units
having rectangular type cross-sections that are subjected to flexural effects. In this study, the
authors emphasized the importance of assembling a dataset that accurately reflects the scope
of their research. They compiled RC column information from existing databases,
specifically focusing on rectangular cross sections subjected to flexural effects. However,
they discovered that approximately 37% of the dataset (24 out of 65 specimens) had almost
identical metadata characteristics obtained from a single reference. The presence of a large
number of data representing similar characteristics may introduce a bias in the results,
therefore these data were eliminated. Moreover, it was also observed that the remaining
limited data basically represent the commonly considered member characteristics in existing
buildings. Selected criteria are given in Table 1. Here, the axial load ratio refers to the ratio
between the axial load acting on a member during the test and the cross-sectional area, and
the material strengths are considered as nominal values reported for a test unit. After filtering
the compiled dataset by taking into account the criteria, the 41 test units subjected to static
reversed cyclic loadings is set for the analysis.

Table 1 - Selection criteria and limitations for the compiled dataset

Feature Limitation
Compressive strength of concrete, f. [MPa] <45
Yield strength of longitudinal rebar, f;; [MPa] <500
Yield strength of transverse rebar, f;; [MPa] <500
Shear span-to-depth ratio, a/d >3
Axial load ratio, pasial Between 0.15 and 0.40
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Identified critical properties which predominantly influence hysteretic behavior thus energy
dissipation, and their respective relative frequencies within the dataset are given in Figure 2.
Moreover, the statistical parameters for selected features are provided in Table 2.

Table 2 - Statistical parameters of the selected features and target response

Parameter/ fe S St ald pi P Amax  Paxial Eca
Indicator ~ [MPa] [MPa] [MPa] [-] [-] [-] [-] [-] [kNm]

Minimum 17.6 3309 2549 328 0.0101 0.0016 0.018 0.15 2.94
Maximum 44.0 4969 4759 89 0.0382 0.0300 0.102 0.39 597.93

Median 27.1 4399 3919 41 0.0194 0.0148 0.051 0.22 66.42
Mean 29.1 4334 3957 4.6 0.0208 0.0149 0.053 0.23 154.29
Skew 1.08 -0.67 -0.30  1.64 1.08 0.21 022  0.63 1.34

pi: Longitudinal rebar ratio, pi- Transverse rebar volumetric ratio, Ama: Peak drift ratio, Eca: Total
dissipated energy
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The cumulative energy dissipation and corresponding total dissipated energy capacities of
selected test units are represented in Figure 3. The total energy dissipation capacity of the
columns is determined as the area enclosed by the base shear and top displacement hysteresis
derived through the entire experiment. In Figure 3a, development of the cumulative energy
dissipation through the increasing steps for each specimen is illustrated whereas the total
energy dissipation capacities of the specimens are given in Figure 3b. Numerical values of
the input features of the test units considered in this study are provided in Appendix/Table
A.l.
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Figure 3 - Variabilities on the dissipated energy levels of selected test units: (a) cumulative
energy dissipations, (b) total energy dissipation capacities

Based on a compilation of the dataset, the correlations between the selected features and the
target total energy dissipation capacities are investigated next by considering a statistical
approach (i.e., using the Pearson’s correlation coefficient [21]).

2.2. Dependency of the Dissipated Energy Capacity on Selected Features

The dissipated energy is used to quantitatively represent the cumulative damage level since
the seismic energy is the enclosed area by force-displacement relation of each column.
Thereby, correlation of the damage on the columns with a scalar quantity, i.e., energy, is
possible.

Here, the minimum and the maximum dissipated energies were obtained as 2.94 kNm and
597.93 kNm, respectively. The variation of energy capacities is directly related to several
factors, including the sectional/geometrical, material, and mechanical properties of test units,
as well as the loading path characteristics. Previous research [2,11] has shown that selected
parameters have a significant impact on the dissipated energy capacity. However, there are
additional parameters, such as peak drift ratio and yield strength of rebars, that are directly
implemented to enhance the features for a more comprehensive analysis.

In the current study, the dependency level of dissipated energy capacity on selected features
is investigated by using the correlation between the input and target parameters. For this
purpose, the Pearson’s correlation coefficients are considered as dependency indicators.
Following equation is implemented to predict the level of correlation:
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PrT = e (1)

OFOT

Here, orr is the covariance between the selected feature and the target response, and o and
or denote for the standard deviations of feature and target data, respectively. Here, the
implemented parametric correlation approach enables user to measure the level of linear
dependence between two variables based on distribution characteristics.

3. STATISTICAL INVESTIGATION

Predicted correlation levels are presented as heatmaps by utilizing the Python [22,23]
software. In Figure 4, the correlations between the selected feature set and the energy capacity
levels are presented. In this matrix, the boundary levels of +1, 0, and -1 of a correlation matrix
typically represent the complete positive, no correlation, and complete negative correlation
levels, respectively. Here, the complete positive correlation case basically corresponds to a
directly proportional relationship between the selected feature and the target parameter (i.e.,
as target parameter increases the feature level also increases by the exactly same percentage).
An exactly opposite relationship between two variables is observed in case of a complete
negative correlation. It is observed from the figure that, loading characteristics (i.e., axial
load ratio and peak drift ratio) and transverse rebar properties have considerable effects on
the dissipated energy. Specifically, the peak drift ratio and the transverse reinforcement
contribute the total dissipated energy capacity, mostly (i.c., as moderate positive correlation
levels of 0.60, approximately). However, it should be noted that this case is especially valid
for well-confined (i.e., by considering the maximum reinforcement ratio recommendations
available in codes and standards) sections. The correlation between the concrete material
characteristics and the energy capacity is lower compared to those correlation levels of other
features. Here, it should be noted that only 4 out of 41 total test specimens’ concrete
compressive strength levels are not considered as normal strength concrete (e.g., 20 MPa <
fo < 40 MPa). A comprehensive comparison for the effect of normal and high-strength
concrete RC columns concluded that the total energy dissipation capacity of normal strength
concrete is higher than that of the capacity of high strength concrete because of the brittle
nature of high strength concrete. This can be attributed to the fact that the inverse relationship
between strength and the ductility level of material affects the dissipated energy levels [2].

The levels of individual correlations are summarized in Figure 5. The results show that, the
total dissipated energy capacity is mostly influenced by the peak drift ratio. The total
dissipation capacity increases with an increasing peak drift ratio. This indicates that although
strength degradation due to high level damage state occurs, members still dissipate energy
which might be called residual capacity. On the other hand, an opposite trend is valid for the
axial load level. Figure 5 shows that, for test specimens subjected to lower axial load levels
have higher energy capacity. The total energy dissipation capacity decreases due to high axial
stress levels owing to the specimens’ lateral deformation is limited under the effects of high
axial loads. Comparison over the material characteristics reveals that, rebar yield strength
positively influences dissipated energy capacity of the member. Based on ductile design
principle, it is also observed that high dissipated energy capacities are obtained for heavily
reinforced test specimens (i.e., a positive correlation level of 0.53) and well-confined
sections. As the dataset selected in this study includes flexure-dominated RC column type
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test units, the minimum threshold for shear span-to-depth ratios is limited by 3. Due to this
limitation, an increment trend in energy capacity is observed for decreasing values of shear
span-to-depth ratios (i.e., a negative correlation level of -0.3). This inverse proportionality
trend for other case (i.e., for a/d <3 RC columns) was recommended in previous studies [2]
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Figure 4 - Correlation matrix for input features and the dissipated energy level
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Figure 5 - Correlation with dissipated energy levels obtained for input features

The pairwise regression plots with 95% of confidence intervals for a single feature (i.e., peak
drift ratio) having the highest positive correlation with the dissipated energy capacity, and
for the opposite case such as axial load ratio that shows a considerable negative correlation
with the target parameter, are given in Figures 6a and 6b, respectively. Moreover, additional
partial figures given at top and right of the figure of interest represent the approximate feature
distribution and tendency characteristics.
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Figure 6 - Pairwise regression between: (a) Amax-Eca, (b) paxiai -Eca

In order to compare the energy dissipation characteristics of RC column test units having the
minimum (i.e., UM_205 [24]) and the maximum (i.e., C3-3 [25]) energy capacities in a
dataset, the total dissipated energy, E.,; normalized by the maximum strength, F),.. and the
shear span a is given as follows:

Eca

Ecar =72 2

General properties and loading histories of the test units UM_205 and C3-3 are provided in
Table 3 and Figures 7a and 7b.

Table 3 - General properties of test units

ID Year Amax Pr Paxial a/d It
[MPa]
UM_ 205 1970 0.021 0.003 0.22 33 324.1
C3-3 2000 0.086 0.006 0.21 4 459.4

Regarding the general characteristics provided in Table 3, the fundamental differences
between test specimens are mainly based on the transverse rebar amount, its material quality,
and peak displacement properties. The normalized energy dissipation capacities are
compared by considering the elastic (1), pre-capping (2), and post-capping (3) regions
(Figures 8a and 8b). While the hysteretic curves of the specimens were given by solid lines,
the envelope of the hysteresis loops are given by dashed lines in the figures.
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Figure 8 - Force-displacement history and envelopes for test specimens:(a) UM_205, (b)
C3-3

The preliminary results indicate that, the highest amount of energy is dissipated at post-
capping regions for UM-205 and C3-3 test units (i.e., 69.4% and 88.7% of total dissipated
energy, respectively). Moreover, it is seen that in the post-capping region, normalized
dissipated energy graph has a steeper slope for the C3-3 test unit (Figure 9). This is attributed
to both the strong level of correlated features (Table 3), and the large number of cycles
captured during the loading stages for C3-3 test specimen. Further clarification can be
achieved by investigating the related issue.

The correlation levels are also investigated by using the normalized capacity for the entire
data set. Similar observations with the total energy dissipation capacity-based results, are
obtained for the selected indicator (Figure 10a). Moreover, to compare the calculated
correlation levels via total and normalized dissipated energy levels, the relative differences
between the two approaches are compared (Figure 10b). Here, the positive relative
differences indicate an increment in predicted correlation level by implementing the
normalized energy capacity parameters in dependency-based investigations. Specifically,
even similar trends are obtained for both approaches, the correlation level between the high-
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correlated features and the target capacity may be also increased (i.e., correlation level for

transverse reinforcement ratio is 0.58 to 0.71 from approximately moderate to strong positive

correlation).
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Figure 9 - Comparison of normalized dissipated energy capacities
1.0 1.0 100 —
£3 =
- - =
%§§ 0.5 2 0574 50§
oW = } S z
=3 & 00]s I g 00) e A= 2
SN F l = &g <
= 8 h / [}
TEB-05 E-0s5 1 Eea "/ -50 2
g =] © _F E,_—d L ¢ =
3= : o}
-1.0 -1.0 ~100%

f; f)‘il fyt a/d Pr Ps A”m Paxial
(@

f; f)‘il f}l;t a/d Pr Pr Arrm Paxial
®

Figure 10 - (a) Correlation levels obtained for input features using the normalized capacity
parameter, (b) Comparison between two capacity indicators
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Figure 11 - Pairwise regression between: (a) Amax-Ecar, (b) paxiai-Ecar.

97



A Quantitative Investigation on the Effects of Flexure-Dominated Reinforced Concrete
Column Characteristics on the Dissipated Energy

Finally, to compare the input feature-based results between the total dissipated energy and
the normalized parameter evaluated through Equation 2, the pairwise regression plots for
peak drift ratio and the axial load ratio are given in Figures 11a and 11b, respectively. Similar
to the overall regression trends captured for total dissipated energy capacities, the positive
and negative correlations are also observed for selected input features.

4. DISCUSSION AND CONCLUSION

A quantitative investigation of the effects of flexure-dominated RC column properties on the
total energy dissipation capacity is presented and discussed in this paper. For this purpose, a
dataset including 41 RC column test units is compiled from the existing comprehensive
databases. Correlations between the selected fundamental member and loading-base features
and the dissipated energy capacity parameter are represented using the commonly used
statistical approaches. Results of the study are summarized below:

* The degree of dependency of the energy capacity on critical features is obtained
numerically. For this purpose, a considerable number of a parameter set (i.e., 8
parameters) is considered. Peak drift ratios and the axial load levels are found to have
the highest positive and negative correlations, respectively.

*  For flexure-dominated RC columns, a negative correlation is obtained between the shear
span-to-depth ratio and the dissipated energy capacity parameter which indicates that
shear-domination has negative affect on the member response.

* Higher energy dissipation capacity levels are obtained for well-confined members. It is
found that this is directly proportional to the volumetric ratio of transverse reinforcement.

» It is observed that the minimum concrete strength and longitudinal rebar ratio have a
marginal effect on the dissipated energy capacity.

e In order to consider the possible effects of dispersions due to member-wise
characteristics, the correlation levels are also calculated via normalized dissipated energy
capacity parameter. Similar trends in dependencies are also obtained for the actual and
normalized capacity levels.

As energy-based seismic design of structures gains popularity, the metadata including a
detailed experimental information of existing test specimens compiled using the available
databases in the literature may be a good starting point for future analytical studies.
Moreover, correlation levels evaluated in the current study are believed to have a contribution
to future seismic codes that include the fundamentals of energy-based design procedures by
taking into account the effectiveness levels of structural member related features in a
statistical way. In other words, the outcomes of this study are essential for use in implicit
equations, which may aim to estimate the energy dissipation capacity of structural elements
and the proposed methodology could be extended to determine the energy dissipation
capacity of dual systems and/or moment resisting frame systems containing beam, shear wall
and column elements. Additionally, the study provides insights into the critical features that
affect the energy dissipation capacity of these members, which can be considered in the
design process. The outcomes can be used to calibrate current design standards and practices
for assessing the seismic performance of buildings with configuration irregularities in terms
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of providing quantitative triggers and related design requirements that can be used to improve
the seismic performance of buildings.
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APPENDIX

Table A.1 - Input features and total energy dissipation capacities of the test units

considered in this study

** * . P

D Unit Ref. b)[(:‘] [1:; : ’ iy [Nﬁ’ o] [Nﬁ; ] [Nﬁ;a] ‘E/‘]i pll el [kf\];]
1 No.3 [1]  040x040 160 038 236 4269 3200 450 00151 00280 6146
2 No.4 [1]  040x040 160 021 250 4269 2800 445 00151 00220 6147
3 No.581 [26]  031x0.31  1.68 020 294 4289 3919 664 00163 00150 3333
4 No.6S1 [26]  031x0.31 1.68 0.8 318 4289 3919 664 00163 00090  30.53
5 No.9 [26]  031x0.31 168 026 333 3629 3919 664 00163 00150  42.82
6 No.10 [26]  031x0.31 168 027 324 3629 3919 664 00163 0009  37.96
7 No.11 [26]  031x0.31 168 028 310 3629 3729 664 00163 00150  44.02
8 No.12 [26]  031x0.31 168 027 318 3629 3729 664 00163 0009  43.29
9 NCI [26]  046x0.46 137 021 393 4389 4539 349 00194 00220 30115
10 Lo [27]  046x046 240 025 246 4599 4378 588 00148 00020 37.64
) 2CMHIS [28]  046x046 295 028 255 3309 3998 371 00194 00016 2845
12 3SMDI2 [28]  046x046 295 028 255 3309 3999 374 00303 00041 6642
13 3CMHI8 [28]  046x0.46 295 026  27.6 3309 3998 374 00304 00016  50.33
14 3CMDI2 [28]  046x0.46 295 026  27.6 3309 3998 374 00304 00042 8568
15 c12 [25]  0.40x0.40 140  0.16 267 4969 4594 400 00214 00300 46046
16 c13 [25]  0.40x0.40 140 022 261 4969 4594 400 00214 0.0300 47045
17 22 [25]  040x040 140 0.6  27.1 4969 4594 400 0.0214 00300 51626
18 €23 [25]  040x040 140 021 268 4969 4594 400 00214 00300 475.05
19 c32 [25]  040x0.40 140 0.5  27.5 4969 4594 400 0.0214 00300 523.20
20 €33 [25]  0.40x0.40 140 021 269 4969 4594 400 00214 00300 597.93
21 No.1 [20]  028x0.28 213 034 406 4069 3509 890 00101 00218 815
2 U4 [30]  035x0.35 100 0.5 320 4379 4699 328 00331 00250 396.52
23 u2 [30]  035x0.35 100 0.6 302 4529 4699 328 00321 00069  53.62
24 Specimen_l  [31]  046x046 295 015 211 4343 4759 376 00248 0.0020 11165
25 Specimend  [31]  046x046 295 015 218 4343 4759 376 00248 00020 3735
26 No.2 [32]  040x0.40 160 030 440 4459 3599 431 00151 00120 15102
27 No.3 [32]  040x040 160 030 440 4459 3639 430 00151 00080  66.57
28 No.4 [32]  040x040 160 030  40.0 4459 2549 429 00151  0.0060  59.70
29 Nol [33]  040x040 160 020 256 4739 3329 473 00157 00250 116.28
30 No2 [33]  040x0.40 160 020 256 4739 3329 473 00157 00250 11447
31 No3 [33]  040x040 160 020 256 4739 3329 473 00157 00250 74.14
32 No4 [33]  040x040 160 020 256 4739 3329 473 00157 00250  109.45
33 UM_205 [24]  020x0.20 0.60 022  17.6 4620 3241 333 00199 00061  2.94
34 A2 [34]  038x0.61 234 024 272 4479 4279 412 00222 00040 282.08
35 B2 [34]  038x0.61 234 023 281 4479 4279 410 00222 00050 475.25
36 WI40048E  [35]  0.5x0.31 088 0.5 261 4959 3449 345  0.0245 00048 2776
37 WIL40_048W  [35]  0.5x0.31 088 0.5 261 4959 3449 345  0.0245 00048 3135
38 FSO [36]  030x0.30 090 026 270  38.9 3549 353 00382 00148 1192
39 FS1 [36]  030x0.30 090 026 270 3869 3549 353 00382 00148  19.33
40 No.7 [37]  040x040 1.60 022 283 4399 4659 434 00151 00160 11526
41 No.8 [37]  040x0.40  1.60 039  40. 4399 4659 434 00151 00200 93.18

* H: Height of test unit; b,h: Column cross-sectional dimensions along and perpendicular to loading, respectively.
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ABSTRACT

In line with the trend towards predictive seismic codes adopting the performance-based
design method, this paper presents an integrated protocol to determine the degraded
hysteresis parameters of corroded RC hinges based on relationships developed for this
purpose together with a calibration procedure using the random-mutation hill-climbing
algorithm. The adjustment procedure is integrated into the material library of the OpenSees
software and used to perform nonlinear dynamic analyses to investigate the seismic
performance of a typical bridge with affected piers at different corrosion levels. In practice
the proposed procedure permits to assess the seismic performance of existing or new
structures for a given corrosion rate distribution.

Keywords: Hysteresis degradation parameters, reinforcement corrosion, nonlinear dynamic
analysis, corroded RC bridge pier.

1. INTRODUCTION

Corrosion of steel reinforcement, alkali-silica reaction, freeze-thaw damage, and sulfate
attack are some of the age-related degradation mechanisms for RC structures. Among these
mechanisms, the corrosion of steel has been identified as the most widespread and
predominant mechanism responsible for the deterioration of RC structures [1,2]. Extensive
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research work has contributed to elucidate many aspects related to the corrosion of steel
reinforcement. At a fundamental level, the initiation and propagation of corrosion in steel
reinforcement, which has been addressed in many research programs documented in the
literature [3,4] constitutes an essential issue for the service life assessment of RC structures
subjected to corrosion [5,6].

Of particular interest is the effect of corrosion on the performance of structures in seismic-
prone zones [7-11]. Akiyama and Frangopol [12] proposed a framework to integrate the
corrosion effect in terms of airborne chloride hazard probability in the assessment of the
seismic performance of bridge piers. Similarly, Choe et al. [13] evaluated seismic fragility
curves based on a probabilistic model of chloride-induced corrosion. Following the trend in
the generalization of seismic fragility analysis as a corrosion time-dependent concept, Hu et
al. [14] proposed a framework and applied it to determine the seismic damage of an aging
four-span continuous RC bridge. Using a different approach, Domaneschi et al. [15]
investigated the coupling of corrosion and earthquake action on bridge piers to predict the
early collapse under such conditions.

It is clear that these frameworks help predict life service and potential damage to structures
under seismic threats. Nonetheless, there is a pressing need for the precise assessment of
existing deteriorated structures for rehabilitation or other purposes. To fulfil this demand,
several experimental studies [16-18] and numerical techniques have been developed to
provide practical assessment modeling tools [19,20].

Owing to the complexity and variability of the corrosion phenomena affecting the steel
reinforcement of structural elements subjected to seismic loading, it is essential to provide
transparent and explicit practical methods that express the relationships between a factor
characterizing the corrosion level of a structural element that can be measured in situ or
predicted by a time-dependent approach and the numerical model parameters that control the
structural deterioration.

In this study, the modified peak-oriented model proposed by Ibarra-Medina-Krawinkler
(MODIMK) [21] was chosen as a reference hysteresis model and corrected to account for
changes in the properties and deterioration parameters using relationships developed for this
purpose. These relationships link the mechanical properties and degradation parameters of
the hysteresis loop to the corrosion-level factor. They were integrated into the existing
hysteresis model within the material library of the OpenSees software [22].

The proposed model was calibrated using available experimental data for five RC columns
with different levels of reinforcement corrosion. Taking advantage of the explicit model,
nonlinear dynamic analysis was performed to investigate the performance of a typical RC
bridge with piers having different levels of corrosion.

2. MODELING APPROACH OF A CORRODED PLASTIC HINGE

The approach used in this paper is based on the integration of the effect of aging due to the
corrosion of reinforcement into a hysteresis model of a plastic hinge of a RC element. The
modified Ibarra-Medina-Krawinkler (MODIMK) Peak-Oriented model takes into account
six different mechanisms of deterioration: Basic strength deterioration, post-yielding, post-
capping, unloading stiffness, reloading stiffness, and pinching. The model is ideal for the
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management of degradation phenomena, henceforth, it is adopted to incorporate the
deteriorating effect of the corrosion of the reinforcement.

The MODIMK model requires the specification of 23 parameters, where seven parameters at
least are calibrated using experimental data.

Further to the initial calibration of the model parameters [21], subsequent studies have been
carried out in order to provide explicit and simplified equations to predict the model
parameters. Haselton et al. [23] proposed a calibration procedure based on 255 RC column
tests and developed a set of equations that can be used to calculate the parameters necessary
for the development of the complete "backbone" curve and establish a hysteresis degradation
rate knowing only some of the physical and geometric characteristics of a reinforced concrete
section. The equations of the parameters which potentially can be affected by the steel
reinforcement corrosion are used in this study to calculate the initial rigidity K., the plastic
rotations capacity (6,), the post capping rotation capacity (6,.) and the post-yield hardening
stiffness characterized by the ratio of the maximum moment capacity and the yield moment
capacity (M/My).

The yield moments (M,+ and M,-) are estimated using the formulae given by Panagiotakos
et al. [24]. However, the cyclic degradation parameters (44, Ak, As, Ac) and their exponents
(C4, Ck, Cs, C¢), will be estimated by a calibration procedure using experimental hysteresis
loops available in the literature.

3. HYSTERESIS LOOP PARAMETERS FOR A CORROSION LEVEL (CL)

The degradation of RC structures by corrosion is a very complex phenomenon and involves
multiple effects. The visual aspects of the degradations are mainly corrosion-spots, cracks in
the vicinity of the rebars, spalling and even the splitting of the concrete cover. The effect on
the structural capacity of a RC element, particularly on the dynamic potential expressed in
terms of the hysteresis loop parameters, is illustrated in Fig 1.

As mentioned before, the ‘MODIMK' model is controlled by several parameters associated
with the geometric and mechanical properties of the RC element. Thus, in the first instance,
a corrosion level (CL) is defined to characterize the deteriorated RC element and used to
determine the altered geometric and mechanical characteristics of the model.

These functions are implemented in the OpenSees and used to simulate series of experimental
tests of columns degraded by accelerated (artificial) corrosion at increasing levels. A
calibration process is performed to match the numerical and experimental hysteresis loops in
order to determine the best fit of the deterioration parameters (A and ci) for different
corrosion rates Fig. 2.

3.1. Characterization of the Corrosion in Existing Elements and Structures

Precise assessment of existing structures subjected to corrosion depends on the accuracy of
the evaluation of the degree and locations of the corrosion on the structural elements which
are needed to fine-tune the hysteresis parameters at potential plastic hinges. Although,
measuring the corrosion rate is difficult, numerous methods exist in the literature for
researchers and engineers to evaluate and appreciate the degree of corrosion of existing
structures.
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Corrosion
A/"
Reduction of the steel Volume expansion Deterioration of the
cross-section and concrete cracks interface
Alteration of geometric and material Alteration of the cyclic
characteristics of RC-section degradation parameters
Effect on di, fsy, foy, €u Effect on Ai, ¢;
Deteriorated

hysteresis loops

Figure 1 - Effect of the corrosion of reinforcement on the hysteresis loop

In this research work, the corrosion level, CL, is the factor used to characterize structural
damage related to aging. It is defined as the average mass loss of rebar.

CL=A7W>< 100 % (1)

= Aw is the mean mass loss of corroded rebars.
= wis the mass of the original rebars.

If the corrosion is homogeneous, over an average surface of the rebar, the level of corrosion
can be expressed in terms of corroded and uncorroded cross sections 4. and 4; respectively
or in terms of corroded and uncorroded diameters d, and d; as follows:

cL =449 5 100 )
Ac

CL = [1 - A—i] x 100 3)

CL = 1—(ﬁ)2 X 100 4

- d; ( )
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In practice, the corrosion level can be obtained by measurement of the residual diameter d.
or by means of techniques that correlate the width of external cracks with the reduction of
the cross-section of the reinforcement bar [25-28].

Other techniques based upon direct measurement of the corrosion current density (icor-), using
the linear polarization resistance LPR method or indirect predictions method using non-
destructive resistivity measurements [29], are suitable to predict the corrosion current density
in a specific location of a structural element at a period of time during its life service.

The conversion of the current density i, to a corrosion level CL can be obtained using one
of the formulae available in the literature such as the expression proposed by Du et al. [30]:

CL = 0.0462 ¢ x 100 (5)
d.

13

Where

d; : Nominal diameter of the non-corroded rebar in (mm);
icorr - Corrosion current density in (LA/cm?);

t: Time in years since the initiation of the corrosion.

Figure 2 illustrates the procedure to correct the hysteresis properties of a corroded plastic
hinge. A hybrid approach is used in the proposed framework incorporating two methods:

Reinforcement
' dimension d.

Measurement d.

Correlation Yield and
equations ultimate stress

fycarr, fumrr ft,‘w

Yield and
! ultimate strain [

Corrosion
level CL

Measurement

Leorr

gucorr charr
Measurement

crack widths we

Experimental Deterioration
matching parameters
Ai,Ci

Figure 2 - Corrosion correction of the hysteresis loop parameters

Explicit Method: This method explicitly considers the impact of corrosion on the geometry
and material properties of a particular section (hinge) through correlation functions, taking
into account the corrosion level (CL).

Implicit Method: The implicit method compensates for the effects of corrosion that cannot
be explicitly or directly accounted for in the current study. This includes factors such as
stress-strain incompatibility or the loss of bond between reinforcement and concrete. The
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implicit method involves either calibrating the degradation parameters or employing a
correction factor (interpolation) for the yield moment using a data-based approach.

By combining these explicit and implicit techniques, the proposed framework aims to
comprehensively consider the influence of corrosion on the structural behavior, accounting
for both known and unidentified corrosion-related effects.

3.2. Corrosion Effect on the Cross Section of the Rebar

Homogeneous corrosion affects the cross-section with more or less uniform loss over the
perimeter of reinforcing bars. Localized (or pitting) corrosion, however, concentrates over
small areas of the reinforcement. The residual cross-section as reported by several
experimental research tests is no longer round with variation in circumference along the bar
because of the pitting penetration [31]. Considering Eq. 3, the mean cross-section of the
corroded bar (A.) can be expressed in terms of the degree of corrosion as:

A, = A;(1-0.01CL) (6)

All other parameters of the plastic hinge depending on the steel reinforcement sections can
be derived from the above relationship.

3.3. Yield and Ultimate Strength and Strain Reduction Due to Corrosion

Numerous studies have been conducted on the stress-strain relationship and the residual
strength and ductility capacities of corroded steel reinforcing bars. Within the scope of the
present framework, the drop in yield strength and the ultimate strain of the corroded steel
reinforcements can be estimated using the formulae proposed by Du et al. [32]:

Fyeom = fo(1 = 0.005CL) )
Eupypr = Eug(1 — 0.05CL) 8)

The altered yield strain, ultimate strength and elastic modulus for uniform corrosion:

Eyeorr = Ey, (1 —0.0124CL) 9)
fucor = fuo (1= 0.0107CL) (10)
E,orr = Eo(1 — 0.0075CL) (11)

And for pitting corrosion:

Eycorr — Eyo(l - 0.0198CL) (12)
Sucorr = fuo(1 —0.0157CL) (13)
Ecorr = Eo(1 —0.0115CL) (14)
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3.4. Cracking of Concrete Effect

Cracking of concrete due to corrosion results in a loss of concrete integrity, which reduces
the ultimate load capacity of the concrete element [33] and decreases the bond strength [34]
which will be accounted for later by the hysteresis degradation parameters calibration. A
model proposed by Coronelli and Gambarova, [35] can be used to partially account for the
effect of cracked concrete cover on the compression strength. In this model, the reduced
compression strength can be determined from:

fro = — (15)

1+0.15L
€co

€co 18 the strain of non-cracked concrete corresponding to compression strength f. €; is the
average tensile strain of the cracked concrete, which can be calculated as follows:

& = 7”"“;2‘”" (16)

Where, by is the width of the element section before cracking, 7,4 is the number of corroded
bars in the cracked concrete width by and w, is the full width of the crack caused by corroded
longitudinal reinforcement and can be calculated as follows:

Wer = 21(Vps — DB (17)
P, = 0.0115i,,t (18)

P,, the attack penetration factor, is the average value of corrosion penetration which is the
reduction of the bar diameter in (mm), the time t in (years) since the initiation of corrosion
and i, is the corrosion current in (A/cm?). v,y is the volume ratio between the specific
volume of a corrosion product and the specific volume of iron, which is taken equal to 2 for
steel [36].

By virtue of the above formula and for a given corrosion level CL, the parameters of the
MODIMK model are automatically calculated using functions elaborated in Tcl language
and implemented into the material library of the OpenSees software.

4. CALIBRATION OF THE DETERIORATING PARAMETERS OF THE
HYSTERESIS MODEL

The experimental results of cyclic testing of five columns having different corrosion rates
[37] have been used in this study to calibrate the corroded deterioration factors of MODIMK
hysteresis model. For this purpose, the specimens are modeled using an elastic element
connected to a zero-length element that serves as a plastic hinge to represent the nonlinear
behavior of the element. Translational DOFs are constrained to one end of the elastic element
through the "equal DOF" command. The specimen geometry and the corresponding
numerical model are shown in Fig. 3.
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4.1. Description of the Experimental Specimens

Five RC specimens with corrosion percentages of 0%, 5.1%, 8.3%, 13.25% and 16.8% of the
reinforcing steel at their bases have been tested [37]. The electrochemical method was
employed to artificially induce corrosion in the rebar and stirrups. The extent of corrosion
was evaluated theoretically using Faraday's method, while the average mass losses in various
regions of the specimens were determined experimentally by weighing the amount of
corrosion after testing, as described in reference [37]. The cross-sections and heights of the
five specimens are identical with similar longitudinal reinforcing bars and transverse stirrups.
The specimen dimensions together with the reinforcement details are given in Fig. 3. The
compressive strength f is 46.4 MPa. More details on reinforcements and material properties
of the steel and concrete are given in the reference [37]. A constant axial load ratio of 0.18
and increasing cyclic lateral displacement control loading protocol [37] were applied on each
specimen.

Constant

axial load 210 mm
i 210
Elastic beam Applied 7y l i
\ cyclic loading - >
i 210
$6@90 b8
g
g
(=}
(=3
Plastic hinge S b18 06

1 4

& 4

400 mm
<=
o

> »
A »

1300 mm

Figure 3 - Test specimen dimensions and the numerical model [37]

The changing values of the model parameters: My+, My-, Ke, 6pc, for the five specimens
and for different corrosion level (CL) are shown in Table 1. The values of the following
parameters remain unchanged: 6p™=0.019 rad, 6p=0.019 rad and Mc/My=1.17
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Table 1 - Modified hysteresis parameters

CL(%) My'®N.m) My(KNm) Ke(KN.m) Opc'(rad)
Opc(rad)
0 58.68 58.68 14466.6 0.054
51 5833 58.33 14478.4 0.054
83 58.13 58.13 14485.8 0.054
13.25 57.60 57.60 14505.7 0.053
16.8 51.54 51.54 14505.7 0.053

4.2. Calibration Procedure of the Cyclic Degradation Parameters for Different
Corrosion Levels

As mentioned before, the effect of the reinforcement corrosion on the geometrical and
mechanical characteristics of the RC elements have been explicitly considered using
correlation functions. However, there are additional effects of the corrosion level that have
not been explicitly accounted for. These effects will be compensated for through a calibration
procedure to match the rate of degradation under cyclic loading. The MODIMK hysteresis
model provides four degradation parameters 4, A, 4s, Ac and their exponents Cy4, Ck, Cs, Cc
to control the deterioration of the loading strength, post capping strength, the loading, and
unloading stiffness, respectively. A calibration procedure based on random-mutation hill-
climbing (RMHC) algorithm is used to fine-tune the values of these parameters for different
levels of corrosion. This optimization technique is believed to be suitable for this case
because local optimum values are sought [38]. The starting values of the parameters p; (i=1
to 8) corresponding to A4, Ax, s, Ac, C4, Ck, Cs, Ccrespectively are chosen within the intervals
of variation and then iteratively the algorithm progresses to find a better solution by making
an incremental change starting from the initial solution.

The degradation parameters A; have an appreciable effect for values equal to 10 or smaller.
A zero value is assigned to deactivate the degradation effect. The variation range of the
exponential factors C; vary from 1.0 for constant rate of deterioration to 2.0 for slow down
rate of deterioration at initial cycles and increased rate of deterioration in subsequent cycles
[21,39].

Therefore, in the hill-climbing algorithm, the ranges of variation of the degradation
parameters are taken in the intervals [0. 10.] for A; (Pj=1 ¢04) and [1.0 2.0] for C;(p;=s5 t0 8)-
Both ranges have been normalized with respect to their relative maximal and minimal values
(boundaries of the intervals) and subdivided into Np=100 increments each.

The algorithm keeps improving the solution by making incremental changes Ap; , until it
converges to an optimal solution or it stops for a given limit of iterations. The objective
function aims to follow as closely as possible the experimental (reference) force-
displacement hysteresis loops. In addition to the strength and stiffness cyclic variations, it
reflects the energy dissipated by the RC specimen at the plastic hinge. For N digitalized
experimental and numerical pairs (Fexp_i, Gi), (Fmod,iﬂ Gi) respectively, corresponding to a
corrosion level (test), the algorithm minimizes the relative error given for each iteration & by:
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2
e = [T, (T (19)
Fexp,i

With an acceptance criterion:

Chet1”Ck - e (20)
ek

An error e, = 1% is considered precise enough to terminate the optimization process or a
limit of 200 iterations. It should be noted also that the acceptance criterion e; for an
adjustment has been given a positive value to avoid a premature convergence of the objective
function towards local minima [38].

The cyclic degradation parameters and their exponents (A; and c;) for specimen with
increasing levels of corrosion obtained from the calibration with the experimental tests are
given in Table 2. It should be noted that the effect of individual deterioration parameters can
compensate each other’s, therefore the calibration process is not firmly robust.

Table 2 - Calibrated cyclic degradation parameters

0 1 1 1 1 1 1 1 1
51 68 03 0.3 0.4 1.02 1.06 1.01 1.01
83 73 04 0.1 0.6 1.13 1.04 1.20 1.24
1325 7.1 04 0.2 0.7 1.12 1.31 1.40 1.51
16.8 7.0 05 0.1 0.7 1.10 1.16 1.21 1.46

Representative hysteresis loops of the specimens before reaching the ultimate state are given
in Fig. 4. The maximum number of loading cycles varies from 14 cycles for specimens ZZ-
1 to 12 cycles for specimen ZZ-5. The number of loading cycles decreases with increasing
degrees of corrosion.

Default values of the degradation parameters for 0% corrosion where all degradation
parameters are set to unity as given in Table 2, were used for specimen ZZ-1 which resulted
in large discrepancies between the numerical and experimental curves. Calibration of the
degradation parameters were made for corroded specimens and gave an acceptable
approximation except for ZZ-5 sample where the last maximum lateral load dropped sharply
compared to the previous ones ZZ-3 and ZZ-4. This can be attributed to buckling of
longitudinal reinforcement because of the transverse reinforcement corrosion that has not
been accounted for explicitly. Therefore, for specimen ZZ-5 with 16.8% corrosion, the yield
moment has been adjusted using a correction coefficient of the moment o = 0.85. If additional
data becomes available, it is possible to further calibrate the value of the correction factor a
specifically for higher levels of corrosion.
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Figure 4 - Experimental and numerical hysteresis loops for samples with corrosion levels:
0% for ZZ-1, 5.1% for ZZ-2 and 16.8% for ZZ-5 [37]

5. NONLINEAR DYNAMIC PERFORMANCE OF A BRIDGE WITH CORRODED
PIERS

This section is dedicated to the evaluation of the effect of the corrosion of the steel
reinforcement on the seismic response of a typical full scale bridge structure.

5.1. Description of the Bridge Structure

The choice of the structure was dictated by the availability of data for the calculation of the
parameters governing the constitutive law and the availability of some results of previous
work [40] for comparison and validation of the model. The chosen structure is a regular
straight bridge consisting of a deck resting on six prefabricated NEBT 1600 (New England
Bulb Tee) prestressed girders supported by a three-column pier system. The deck consists of
two continuous spans of 36 m long and 13 m wide (Fig. 5).

The columns are constituted of rectangular cross-section of 1.2 m deep and 0.6 m wide. The
design was carried out according to the requirements of the Canadian Bridge Code CSA-S6
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[41]. The columns extend into the foundation and the pier cap for a distance of 0.5 m. The
height of the columns and the pier cap are 6 m and 1m, respectively, bringing the total height
of the frame to 7 m.

36.0m 36.0 m

A
A4

A
A4

X
] n]

LRI LN P TN by Th Serfertertntentenent sttty

=

Figure 5 - Longitudinal elevation and dimensions of the studied bridge

5.2. OpenSees Model

The deck is segmented into two linear elastic column-beam elements. The piers are also
modeled as column-beam elements adopting linear elastic behavior with zero-length springs
(plastic hinges) added at the ends idealizing the nonlinear behavior in the plastic hinges. The
pier cap was taken very rigid to allow the plastic hinge to develop properly at the foot and
head of the piers.

The geometry of the model is composed of 7 elastic beam elements and 6 nonlinear zero-
length hinges using uniaxial Ibarra-Medina-Krawinkler "peak oriented" material. The
degrees of freedom of translation and rotation in two directions of the hinges are linked to
the element nodes via the "equal DOF" command (Fig. 6).

000 —*

Figure 6 - OpenSees model of a typical bridge with plastic hinges (MODIMK)
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It is assumed that the corrosion degradation is uniform, meaning that the level of corrosion
is identical for all hinges during the same analysis and it varies from 0% (undamaged
structure) to a corrosion rate of 20%.

The hysteresis parameters depending on the geometric and material properties of the steel
reinforcement and concrete are computed for sound and corroded sections for corrosion rates
of 0% and 20% using the correction factors of Eqs.5-18. The degradation parameters of
MODIMK model have been calibrated for a corrosion degree varying from 0% to 16.80%.
Due to a lack of experimental data above this level, the performance analysis is limited to
20% of corrosion rate. The cyclic degradation parameters in the MODIMK model and their
exponents have been extrapolated by curve fitting the results of the calibration phase up to
20% (Table 3).

Table 3 - Cyclic degradation parameters and their exponents
o,
CL (%) ZC /1A 27( ﬂS CC CA CK CS
20 7.12 0.65 0.42 0.95 1.10 1.11 1.27 1.29

The yield moment M, is corrected using the same value a = 0.85.

5.3. Seismic Loading and Nonlinear Dynamic Analysis

A dataset composed of four records of horizontal components of real earthquakes, and two
artificial accelerograms are selected to best cover the RPA99 seismic code spectrum [42] and
applied as a representative seismic loading of a high seismic zone. The artificial
accelerograms are generated using ‘seismoArtif” software [43]. The main characteristics of
the selected acceleration time histories are given in Table 4. and Fig. 7 shows the mean
response spectra of the six accelerograms closely covering the target site spectrum.

Table 4 - Characteristics of the accelerograms

Accelerograms PGA(g) Field Duration (s)
Manjil 0.515 Far 52.0
Northridge 0.568 Near 38.0
Dar El Beida 0.341 Far 553
Friuli 0.531 Near 36.3
Artif 1 0.618 Far 20.0
Artif 2 0.599 Near 11
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Figure 7 - The target seismic code spectrum and the mean spectrum of the
different accelerograms

The performance of the structure is evaluated in terms of the structural responses of the
hysteresis loops, the maximum lateral displacements and the dissipated energy.

5.4. Effect of the Corrosion Level on the Displacement Response Under Different
Earthquake Ground Motions

Representative displacement time histories of the bridge deck along the longitudinal direction
under the far-field Artifl earthquake and the near-field Friuli earthquake are shown in Figs.
8 and 9. The effect of the corrosion is more pronounced under Artifl accelerogram and the
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Figure 8 - Lateral displacement responses under Friuli
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peak displacement increases with increasing CL. Permanent deformation, which is an
important indicator of damage, is observed at the end of the action effects. This residual
displacement is highly dependent on the loading conditions. For a 20% corrosion level, it
reaches 1.64 times the displacement of the uncorroded model under the far-field Artifl
earthquake. However, it remains almost the same under the near-field Friuli earthquake.
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Figure 9 - Lateral displacement responses under Artif]

The hysteresis loops of the different plastic hinges are more regular for far-field
accelerograms compared to near-field accelerograms as represented by the results of the
Friuli and Artif 1 accelerograms in Fig. 10. Deteriorations of strength, stiffness and pinching
are more noticeable in corroded hinges.

The corrosion effect is more pronounced for severe ground acceleration. Table 5 shows the
percentage increase in displacements and plastic rotations for increasing ground acceleration
intensity (Artifl) scales.

Where:

AD,,, = % x 100% Q1)
Y % x 100% (22)
With:

D¢, et B displacement and plastic rotation corresponding to corrosion rate CL;

De¢1o et B¢ displacement and plastic rotation corresponding to CL=0.
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Figure 10 - Hysteresis loop responses under Friuli and Artif] accelerograms

Table 5 - Displacements and plastic rotations for increasing loading intensity at different
corrosion levels

Scale =1.0 Scale = 1.5 Scale =2.0
CL ADmax Aemax ADmax Agmax ADmax Aemax
20% 0 3.76 2.25 11.9 15.08 23.63

5.5. Effect of the Corrosion Level on the Hysteresis Energy Dissipation Capacity

Figure 11 shows the dissipated energy curve under Artifl accelerogram for 0% and 20%
corrosion level. It can be noticed that the dissipation energy decreases with increasing CL
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which has been also reported in the literature [44]. This trend is not perceived under Friuli
accelerogram (Fig. 12), where the energies for the different corrosion levels are comparable.
The energy dissipated at CL = 20% is slightly higher than CL=0%. This can be attributed to
the fact that the strength and stiffness degradations are compensated by an early yielding and
larger plastic rotations.
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Figure 11 - Energy dissipated under Artif] earthquake
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Figure 12 - Energy dissipated under Friuli earthquake

6. CONCLUSION

A major durability concern for RC infrastructures in aggressive environment is steel
reinforcement corrosion. The trend of seismic codes towards new predictive generations
suggests explicit quantifications of degradation parameters to be integrated into nonlinear
dynamic analyses in the design phase or for structural assessment of existing buildings.
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A framework for the application of a corrosion dependent geometric and material properties
together with degradation hysteresis parameters of a RC element section has been put in
place. For this purpose, a corrosion level indicator that can be obtained from in-situ
measurements or predicted by a time-dependent approach is used to adjust the geometric and
material properties of a corroded RC section. The adjustment functions are implemented into
the material library of the OpenSees software to automatically calculate the parameters of the
MODIMK model. The cyclic degradation parameters and their exponents (A; and c;) are fine-
tuned using a random-mutation Hill-Climbing (RMHC) algorithm for a range of corrosion
levels corresponding to available experimental data. It should be noted that the yield moment,
in addition to the geometric and material properties alteration, needs to be reduced by an
extrapolated factor a to account for transverse reinforcement corrosion and other effects that
have not been compensated for explicitly.

To investigate the effect of the corrosion on the seismic behavior of structures, a typical full
scale two spans bridge model having three piers with increasing uniform corrosion levels has
been studied under several earthquake ground accelerations. The performance of the bridge
has been evaluated using lateral displacements, plastic rotations and hysteresis energy
dissipation audit. The results showed that the effect of corrosion highly dependent on the
intensity and type of earthquake ground motions. Within the limit of the considered seismic
loading, the permanent displacement (taken as an indicator of damage) reached 1.64 times
for a corrosion level of 20%. The general trend is that the corroded piers are less dissipative,
however in some cases where the dissipated hysteresis energy was comparable for the
corroded and saline structure, the plastic hinges at the ends of the corroded piers undergo
excessive plastic rotations.

Although, the proposed protocol can be used for practical issues where seismic performance
prediction or structural assessment are sought for design or existing structures, further work
and research are required to complete and improve the robustness of the calibration process
for full scale specimen with higher corrosion levels.
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Tabakali Zeminlerdeki Yiizeysel Temel Davranisinin
Niimerik ve Analitik Olarak Incelenmesi
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(074
Arazide yapilmis tam 6lgekli yiikleme deney sonuglar1 kullanilarak dogrulanmig ve kalibre
edilmis bir sonlu elemanlar modeli olusturulmustur. Temel boyutunun, kum zeminin
baslangic gerilme durumu ve gerilme gegmisinin, iistte yer alan kum tabakasi kalinliginin ve
altta yer alan kil tabakasinin drenajsiz kayma mukavemetinin tabakali zeminlerdeki kare
temellerin tagima kapasitesi ve oturma davranislari izerindeki etkileri gerceklestirilen bir seri
ii¢ boyutlu sonlu elemanlar analizi ile arastirilmistir. Sonlu eleman analizleri sonucu bulunan
tagima giici degerleri zimbalama kesme yontemi ile hesaplanan tasima giicii degerleri ile
karsilastirllmis ve bunun yani sira K katsayisi degerlerinin H/B oranina ve As° e bagh
degisimi incelenmistir.
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ABSTRACT

The Numerical and Analytical Investigation of Shallow Foundation Behaviour on
Layered Soils

A validated and calibrated finite element model has been generated using the results of the
full-scale loading tests performed in the field. The affects of the footing size, initial stress
state and stress history of sand layer, the thickness of upper sand layer and the undrained
shear strength of lower clay layer on the bearing capacity and settlement behaviours of square
footings on layered soils have been investigated by performing a series of three-dimensional
finite element analyses. The bearing capacity values obtained from finite element analyses
have been compared to the bearing capacity values calculated by punching shear method.
Also, the variation of K coefficient depending on the H/B ratio and %, has been investigated.

Keywords: Layered soils, bearing capacity, finite element method.

Not: Bu yazi
- Yaym Kurulu’na 3 Mart 2023 giinii ulasmistir. 24 Ekim 2023 giinii yayimlanmak tizere kabul
edilmistir.
- 31 Mayis 2024 giiniine kadar tartigmaya agiktir.

o hitps://doi.org/10.18400/tjce. 1259495

1 Erciyes Universitesi, Ingaat Miithendisligi Boliimii, Kayseri, Tiirkiye
erdalu@erciyes.edu.tr - https://orcid.org/0000-0002-6122-9066
* Sorumlu yazar



Tabakali Zeminlerdeki Yiizeysel Temel Davraniginin Niimerik ve Analitik ...

1. GIRiS

Yiizeysel temellerde nihai tagima kapasitesinin gogme mekanizmalari tarafindan belirlendigi
yaygin olarak bilinmektedir. Geleneksel tagima giicli teorilerinde [1-4] zeminin homojen
mukavemet Ozellikleri birbirinden farkli oldugundan nihai tasima kapasitesi tek tabakali
homojen bir zemin gibi degerlendirilemez. Tabakali zeminlerde nihai tasima kapasitesi,
gbcme mekanizmasmin tamami ile iginde yer aldigi yeterli kalinlikta bir iist tabaka
bulunmadig siirece altta yer alan tabakanin dzelliklerine de baglidir. Bu nedenle; geleneksel
tagima giicli teorileri, homojen zeminlerde basarili tagima giicii tahminleri yaparken zemin

6zelliklerinin derinlikle degistigi durumlarda, genellikle, uygulanamazlar.

Kontrollii sikigtirtlmisg dolgular, genellikle, kum ve cakil karisimi graniiler malzemeden
olugsmakta ve herhangi bir yiikleme kosulunda drenajli davranis sergilemektedir. Yumusak
kil zemin iizerine nispeten agir olmayan bir yap1 insa edileceginde veya otoyol yapimlarinda
yumusak kil zeminlerle karsilasildiginda, bu zeminler iizerinde olugturulacak saglam bir
graniiler tabaka ile temel zemini tasima kapasitesinde ve oturma Ozelliginde iyilestirme
saglanabilir. Boylelikle; yapay olarak, kil tabakasi iizerinde yer alan kum zeminden olusan
tabakali bir zemin profili elde edilmis olur. Yumusak zemin tabakalarinin bulundugu
sahalarda agir is makinalari i¢in giivenli ¢aligma ortamlar1 saglamak amaci ile yumusak kil
tabakast {izerinde sikistirilmis graniiler malzeme ile gegici calisma platformlari
olusturulmaktadir. Acik deniz miihendislik uygulamalarinda kullanilan jack-up temeller,
genellikle, yumusak deniz kili iizerinde yer alan kum tabakalari iizerine insa edilmektedir.
Sayilan bu 6rnekler zayif kohezyonlu zeminler iizerinde yer alan nispeten ince siki graniiler
zemin tabakasi igeren tabakali zeminlerin tasima kapasitesi ve davranislarinin tahmin
edilmesinin pratikte yaygin olarak karsilasilan dnemli bir problem oldugunu gostermektedir.
Problemin karmagiklig1 nedeni ile temel-zemin etkilesiminin kapsamli bir sekilde anlasildigt
kesin bir analitik tagima giicii modeli de gliniimiizde hala mevcut degildir. Geoteknik
miihendisleri, tabakali zeminlere oturan yiizeysel temellerin tagima giiciinii tahmin etmek i¢in
ya limit denge yontemine dayal1 yari-deneysel tasima giicli modellerini ya da sayisal analiz
yontemlerini kullanmaktadir.

Pratikte, kil tabakasi iizerinde yer alan kum tabakasina oturan rijit bir yiizeysel temelin nihai
tasima kapasitesi, genellikle, limit denge yontemine dayali yari-deneysel tagima giici
modelleri kullanilarak tahmin edilir. C6ziim, genel olarak, temel taban1 ve kil tabakasi yiizeyi
arasinda yer alan hayali bir kum blogun temel ile birlikte asagi dogru itildigi, kum
tabakasinda zimbalama ve kil tabakasinda da bir genel kayma go¢mesi olustugu kabul edilen
basitlestirilmis bir gdgme mekanizmasi ve kuvvet dengesine dayanmaktadir. Kum blogun
tabanindaki diisey efektif gerilme, kil tabakasinin yiizeyine oturan rijit piiriizlii bir temelin
tasima kapasitesine esit olarak alimir. Kum bloga etkiyen kuvvetlerin dengesinden yola
cikilarak nihai tagima kapasitesi hesaplanir. Bu yontemler; yapilan kabuller, kum blogun
kenar yiizeyleri boyunca olugan kayma direncinin tagima giicline katkist ve kullanilan
deneysel katsayilardan kaynakli belirsizlikler nedeni ile birbirinden ¢ok farkli tasima giicii
degerleri iiretebilmektedir. Bu konuda en iyi bilinen tagima giicii modellerinden biri
Meyerhof [5], Hanna ve Meyerhof [6] ve Hanna [7] tarafindan onerilmis olan Zimbalama
Kesme Yontemidir. Bu yontemde; kum tabakasi boyunca yiikiin yayilma agis1 olan a;, 0’ a
esit olarak alinir. Kum blogun kenar yiizeyleri boyunca olusan kayma direnci, zimbalama
kesme katsayist K kullanilarak hesaba katilmaktadir. K katsayisi, kum ve kil tabakalarmin
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tasima kapasiteleri arasindaki oranin (q»/qi) ve kumun igsel siirtlinme agisinin (¢1) bir
fonksiyonu olarak grafiklerden elde edilmektedir. Ancak; tasarim grafiginde tanimlanmis
degerlerin disindaki degerler igin interpolasyon ya da ekstrapolasyon yapma zorunlulugu
vardir. Ayrica; sinirli bir malzeme 6zelligi araligi icin gegerli olan K katsayisinin kullanimi
tahmin edilen tasima giicii degerleri iizerinde belirsizlikler olusturmaktadir. Limit denge
yontemine dayali tagima giicii yontemleri malzeme O6zelliklerinin simirl aralikta oldugu
laboratuvar model deneylerine ait sonuglarin yorumlanmasi ile gelistirilmistir. Deneysel
olarak test edilen araligin disindaki temel geometrilerine ve zemin &zelliklerine
uygulanabilecegi genel olarak kabul edilmesine ragmen gégme mekanizmalarinin s6z konusu
uygulama araliklar i¢in ne kadar gecerli olabilecegi konusunda siipheler bulunmaktadir.
Deformasyon olusumunun dikkate almmmadigi bu yontemlerde tahmin edilen tasima giicii
degerinin hangi deplasman degerinde elde edildigi, ylik-oturma egrisinin nasil gelistigi,
tabakalarin rolatif mukavemetleri ve geometrik kosullarin gégme mekanizmasimi nasil
degistirecegi bilinmemektedir. Uygulamada karsilasilabilecek genis araliktaki malzeme
ozellikleri ve farkli temel geometrileri igin tabakali zeminlerin davranisini dikkate alan,
temel-zemin etkilesiminin kapsamli bir sekilde anlasildigi bir tasima giicii modeli
giiniimiizde heniiz mevcut degildir.

Sonlu elemanlar yontemi (FEM) kullanilarak yapilan analizlerde problem geometrisi bir
biitiin olarak degerlendirilmektedir. Ustteki tabaka kalinligi, kumun sikiligi, kilin kayma
mukavemeti, yer alt1 su seviyesi, ylikleme kosullari, malzeme modelleri, sonlu elemanlar ag1
vb. faktorlere bagli olarak ortaya ¢ikan deformasyon davramigi ile gdogme durumuna
gelinmektedir. Bununla birlikte; tabakalarin deformasyon karakterlerinin farkli olmasi, altta
yer alan kilin mukavemetine de bagl olarak, kum tabakasinda mobilize hale gelen igsel
stirtinme ag1s1 degerini ve tasima giiciinii etkileyecektir. Bu nedenle belirli bir gogme
mekanizmasi yoktur.

Yiizeysel temellerin tagima giicii konusunda yakin zamanda yapilmis ¢aligmalarin cogunlugu
tabakali zeminlerdeki tasima giiciiniin tahmin edilmesine odaklanmistir [8-16]. Bu
calismalarda; limit denge yontemine dayali analitik ¢oziimler, farkli niimerik yontemler
(FEM, FELA, RPFEM vb.), istatistiksel analiz yontemleri ve yapay zeka teknikleri
kullanilarak tabakali zeminlerde tasima giiciiniin tahmin edilmesinde kullanilan limit denge
yontemine dayali, yari-deneysel geleneksel tagima giicii modellerinin modifiye edilmesi,
basitlestirilmis gd¢me mekanizmalarimin iyilestirilmesi ve modellerdeki belirsizliklerin
giderilmesi amaglanmistir.

Bu calismada; go¢me mekanizmalarinin olusumu ve yiik-oturma davranislari, temel boyutu,
baslangic gerilme durumu, tabakalanma kosullar1 gibi farkli parametrelerin tabakali
zeminlerin tagima giicli ve deformasyon davranislari tizerindeki etkileri arastirilmigtir. Takip
edilen adimlar asagida 6zetlenmistir.

e Briaud ve Gibbens [17] tarafindan kum zemine oturan prototip boyutlardaki kare tekil
temeller iizerinde yapilmig yiikleme deneyleri sonlu elemanlar yontemi kullanilarak
modellenmis ve analiz edilmistir. Bu sekilde, g¢alisma kapsaminda arastirilacak
parametreler i¢in analizlerde kullanmak {izere dogrulanmis ve kalibre edilmis bir sonlu
eleman modeli olusturulmustur.

e Ustte yer alan kum tabakas1 kalinhgmin (H), kilin drenajsiz kayma mukavemetinin (c,),
temel genisliginin (B) ve kum zeminin baglangi¢ gerilme kosullarinin tabakali zeminlere
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oturan yiizeysel temellerin tasima giicii ve oturma davranislari {izerindeki etkilerinin
arastirilmasi amaci ile farkli H/B oranlarinda (H/B=0.25, 0.50, 0.75, 1.00, 1.50, 2.00, 2.50
ve 3.00), farkli c, degerlerinde (10 kPa, 20 kPa, 40 kPa ve 60 kPa), farkli temel
genigliklerinde (B=1.0, 2.0 ve 3.0 m) ve farkl siikunetteki toprak basinci katsayisi
degerlerinde (Ko = 0.4, 0.7 ve 1.0) analizler gerceklestirilmistir.

e Zmmbalama kesme yonteminde K katsayisi, q2/q; ve ¢1” € baglh olarak tanimlanmakta,
H/B orani ve sekil katsayisi 45" den bagimsiz olarak, sadece, kil tabakasinin drenajsiz
kayma mukavemeti ve temel boyutu ile degigsmektedir. Yapilan FEM analizleri ile K
katsayisi degerlerinin H/B oranina ve A5’ ¢ baglt degisimi aragtirtlmistr.

e Tabakali davranisin H ve c,’ ya baglh olarak hangi durumlarda son buldugu, limit denge
yaklagimina dayali yontemlerde yapilan tabakali durum kabuliintin dogrulugu, yumusak
kil zeminlerde iyilestirme amaci ile yapilan graniiler dolgularda temel boyutu ve
minimum iist tabaka kalinlig1 iliskisi, ylikleme biiyiikliigiine bagl olarak tasima giiciinde
ve oturma miktarinda meydana gelen degisimler degerlendirilmistir. Elde edilen sonuglar
ile pratikteki uygulamalara yonelik 6neriler sunulmaya ¢aligilmustir.

Calisma, gerek arastirdigi parametreler gerekse de tasima giici ve deformasyon
davranislarinin degerlendirilmesine yonelik elde ettigi sonuglar ile literatiire yeni katkilar
saglayabilecektir.

2. PROBLEMIN TANIMI

Bu ¢alismada, Cizim 1’ de gosterildigi gibi kalin ve zayif bir kil tabakasi tizerinde yer alan
rolatif olarak ince ve saglam bir kum tabakasina oturan yiizeysel kare temellerin tagima giicii
ve oturma davraniglart incelenmistir. Hem kum tabakasi hem de kil tabakasinin homojen
oldugu, kum tabakasinin drenajli kil tabakasinin da drenajsiz davranis sergiledigi kabul
edilmistir. Tabakali zemin profilinde yer alan kil tabakas1 zayif tabaka olarak modellenmistir.
Bu nedenle, kil tabakasinin drenajsiz kayma mukavemeti degerleri secilirken kilin kivaminin
cok yumusak, yumusak, orta kati ve kat1 oldugu durumlar géz Oniine alinmistir. Biitiin
analizlerde, yer alt1 su seviyesinin kil tabakasi yiizeyinde bulundugu ve kil tabakasinin suya
doygun normal konsolide bir kil oldugu varsayilmistir. Briaud ve Gibbens [17] tarafindan
yiikkleme deneylerinin yapildig1 sahada yer alan kum zemine ait endeks ve mukavemet
ozellikleri kullanilarak tabakali zemin profilindeki saglam kum tabakasi modellenmistir.
Kum zeminde yapilan standart penetrasyon deneylerinde (SPT) ortalama darbe sayist degeri
N30 = 20 olarak elde edilmis olup kum zemine ait bosluk oranlari ile yapilan hesaplamalar
sonucu da kum zeminin rolatif sikiligi D=%355 olarak bulunmustur. Analizlerde orta sik1
kum zemin normal konsolide olarak géz oniine alinmis olup yapilan parametrik ¢aligmalarda
kum zeminin gerilme tarihgesinin tabakali zeminlerin tasima giicli ve oturma davranisina
etkisi de degerlendirilmistir.

Yiik-oturma egrilerinden nihai tagima kapasitesinin tanimlanmasina yonelik literatiirde farkli
yaklagimlar bulunmaktadir. Bunlardan biri de Briaud ve JeanJean [18] tarafindan 6nerilmis
olan 0.1B yontemidir. Bu yaklagima gore temel genisliginin %10’ u oturmaya neden olan
yiik degeri gogme yiikii olarak kabul edilmektedir [4, 18-23]. Bu ¢alismada nihai tagima giicii,
qu, temel merkezi altinda temel genisliginin %10° u seviyesinde deplasmana neden olan
tasima  gilicli, quss=0.1 degeri olarak tanimlanmistir. Elde edilen sonuglarin
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kargilagtirilmasinda temel merkezi altinda elde edilen yiik-oturma egrileri kullanilmustir.
Farkli boyutlara sahip temeller lizerinde yapilan analizlerden elde edilen nihai tasima giicii-
oturma (qu-s) davranislari karsilastirildiginda bu sonuglar {izerinde 6l¢ek etkisinin var oldugu
unutulmamalidir. Bu nedenle iki tabakali zemin profili lizerinde yer alan temellerin tagima
kapasitesi ve oturma davraniglart degerlendirilirken elde edilen biiyiikliikler temel boyutu ile
normalize edilmistir. Tagima giicii igin q,/yB, oturma igin s/B, kil zemininin drenajsiz kayma
mukavemeti i¢in c¢,/yB ve tabakalanma durumu i¢in de H/B kavramlari kullanilmistir. Bu
ifadelerde yer alan; qu, B, H, cy, y ve s, sirast ile, ortalama nihai temel taban basinci, temel
genisligi, istte yer alan kum tabakasinin kalinligi, altta yer alan kil tabakasinin drenajsiz
kayma mukavemeti, kum zeminin birim hacim agirlig1 ve oturma miktarini temsil etmektedir.
Kil tabakasinin drenajsiz davranis sergiledigi kabul edildiginden bulunan tasima giici
degerleri, kil zeminin birim hacim agirhigindan bagimsizdir [24-26].

10.5m

" Saglam

Cizim 1 - Problemin tanimi

3. SONLU ELEMANLAR iLE MODELLEME

Sonlu eleman analizleri ticari bir program olan Plaxis 3D 2012 programi kullanilarak
gergeklestirilmistir. Sonlu eleman modelinin dogrulugu, literatiirdeki tam 6lgekli yiikleme
deneylerinin modellenmesi ve analizlerden elde edilen yiik-oturma egrilerinin deneysel yiik-
oturma egrileri ile karsilagtirllmasi yoluyla ortaya konmustur. Sonlu eleman analizlerinde
kullanilacak model geometrinin sinirlari, derinligi, analizlerin gergeklestirilecegi mesh
yogunlugu, yiikleme tipi ve baslangi¢c gerilme durumunun olusturulmasi gibi konular
dogrulama analizleri sirasinda gz 6niine alinmustir.

Briaud ve Gibbens [17] kum zemine oturan kare tekil temeller {izerinde yiikleme deneyleri
yaparak temel boyutunun tasima kapasitesi ve oturma davranisi iizerindeki etkilerini
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arastirmistir. Yiikleme deneyleri 1.0 x 1.0, 1.5 x 1.5, 2.5 x 2.5 ve 3.0 x 3.0 m boyutlarindaki
kare tekil temeller iizerinde gerceklestirilmistir. Yiikleme deneylerinde temel derinligi 0.76
m dir. Deneylerde, 150 mm oturmaya neden olan yiik degeri go¢me yiikii olarak kabul
edilmistir. Yiikleme deneylerinin yapildig1 sahada zemin profili, yiizeyden itibaren 11.0 m
derinlige kadar orta siki siltli kum tabakasi ve devaminda 33.0 m derinlige kadar kati kil
tabakasindan olusmaktadir. Yer alti su seviyesi zemin yiizeyinden itibaren -4.9 m
derinliktedir. Zemin igerisindeki ince danelerde kuruma ve temellerin insa edildigi kisimlarda
yaklagik 1.0 m kalinliginda ortii yiikii kaldirilmis oldugundan kum zemin hafif agir1 konsolide
olarak degerlendirilmistir. Bu ¢alisma kapsamindaki sayisal analizlerde kum tabakasi igin
Briaud ve Gibbens [17]" in deney yaptiklart kum zemine ait malzeme ozellikleri
kullanilmistir.

Zeminlerin deformasyon oOzellikleri, efektif gerilme durumunun, zemin sikiligmin,
deformasyon seviyesinin ve gerilme-deformasyon ge¢misinin bir fonksiyonu durumundadir.
Kum zeminlerin gerilme-deformasyon-dilatasyon davraniglarint kapsayan mekanik
Ozellikleri ¢evre basinci degisiminden 6nemli Olciide etkilenmektedir. Gergekte, zemin
seviyesine bagli olarak degismektedir. Hardening Soil (HS) modelde zemin davranisi ¢
farkli zemin rijitlik modiilii kullanilarak ¢ok daha dogru bir sekilde modellenebilmektedir.
Bunun yani sira; HS model zemin rijitlik modiillerinin gerilme bagimli durumunu da hesaba
katmaktadir. Zeminin dilatasyon davranist gdz oniine alinmaktadir. Yenilme yiizeyi plastik
deformasyonlardan dolay1 genisleyebilir. HS Model gibi ileri malzeme modellerinde asir
konsolidasyon orani (OCR) ya da 6n ortii yiikii basinc1 (POP) bilgileri kullanilarak zeminin
gerilme gegmisi goz Oniine alinabilmektedir [27-31]. HS modelde, igsel siirtiinme agis1 ve
dilatasyon agis1 arasindaki ayrimi dikkate alan bir plastik potansiyel fonksiyon ile birlikte
cakigmayan akis kurali (non-associated flow rule) kullanilir. Sayilan bu nedenlerden dolayz,
kum zeminin drenajli davranisinin modellenmesinde HS model secilmigtir. Sonlu eleman
analizlerinde kullanilan kum zemine ait 6zellikler deney sahasinda yapilmis arazi ¢alismalari
ile arazi ve laboratuvar deneylerine ait sonuglar kullanilarak elde edilmistir. Kum zeminin
ozellikleri Cizelge 1° de 6zetlenmistir. Plaxis programinda referans ¢evre basinct prer. = 100
kN/m? olarak kullanilmaktadir. Gergek rijitlik, kiiciik asal gerilme o3> e baghdir. HS
modelde kullanilan rijitlik modiilleri gerilme bagimli olup gerilme bagimliligin miktar: m iis
degeri kullanilarak hesaba katilmaktadir. Birincil deviatorik yiikleme sirasinda olusan plastik
deformasyonlari modellemek icin kullanilan Eso" degeri ii¢ eksenli basing deneylerine ait
sonuglar kullanilarak referans gevre basinci igin elde edilen elastisite modiilii degeridir.
Yiikiin bosaltilmasi ve yeniden yiiklenmesi durumundaki elastik davranisi modellemek i¢in
kullanilan E,"" elastisite modiilii birgok pratik uygulama igin E,""=3xEso™" esitligi ile elde
edilebilir. Eoeq™" elastisite modiilii degeri birincil sikismadan kaynakli plastik
deformasyonlart modellemek icin kullanilmaktadir. Odometre deney sonuglarmin
bulunmadigr durumda Eeed™*=Eso™f olarak almabilir. Zeminlerin ¢ogunlugunda gdgme
orani, Ry, 0.75-1.00 araliginda deger almaktadir. Plaxis, R¢ igin ortalama 0.9 degerini
kullanmaktadir. HS modelde elastik bir parametre olarak kullanilan bosaltma-yeniden
yiikleme i¢in poisson orani, vy, birgok zemin grubunda 0.2 olarak segilebilir. Plaxis
programinda baslangic gerilme durumu Koprocedwre Kkullanilarak — olusturulmustur.
Modellemede, zeminin normal konsolide oldugu kabul edilmektedir. Bu nedenle K("=1-
sing” esitligi ile baslangi¢ diisey ve yatay gerilmeleri iliskilendirilir. Zeminin asir1 konsolide
oldugu durumda OCR ya da POP degerlerinin kullanilarak Ko katsayisinin degerinin
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diizenlenmesi gerekmektedir. fleri zemin modellerinde Ko-procedure 1l€ baglangi¢ gerilmelerinin
olusturulmasinda Ko degeri; Ko", vir, OCR ve POP degerlerinden etkilenir ve otomatik olarak
hesaplanir. Elde edilen Ko degeri gerilme bagimli bir degerdir. Normal konsolide bir zeminde
baslangi¢ gerilme durumu igin OCR=1 ve POP=0 dir. Yapilan dogrulama analizlerinde farkli
POP degerleri i¢cin elde edilen yiik-oturma egrileri deneysel yiik-oturma egrileri ile
karsilagtirilarak uygun POP degeri segilmis ve bu sekilde kum zeminin hafif asir1 konsolide
hali dikkate alimmustir [27-32]. Bununla birlikte, tabakali zemin durumunda yapilan
analizlerde hem kum zemin hem de kil zeminin normal konsolide olduklari kabul edilmistir.

Dilatasyon agisinin degeri laboratuvar deney sonuglar: kullanilarak Bolton [33] tarafindan
Onerilmis olan asagidaki bagmti ile tahmin edilmistir.

Ir=Ip(10-Inp")—1 (1)

Bu esitlikte yer alan Ig, Ip ve p’, sirasi ile, rélatif dilatasyon indeksi, rolatif sikilik ve gdgme
anindaki ortalama efektif gerilme degeridir. Ug eksenli deformasyon durumunda 0<Ir<4 igin
pik dilatasyon acisinin degeri ypik = 3.75 Ik esitligi ile elde edilebilir. HS modelde genlesme
davranisi, genellikle, zemin kritik duruma ulastiginda son bulur. Dilatancy cut-off segenegi
kullanildiginda kum zeminin bosluk orant maksimum bosluk orani degerine ulasinca
mobilize dilatasyon agisinin degeri de otomatik olarak sifirlanacaktir.

Plaxis, drenajsiz malzeme davraniginin modellenmesi i¢in Undrained (A), Undrained (B) ve
Undrained (C) olmak tizere ii¢ farkli segenek sunmaktadir. Yumusak zeminlerdeki projelerde
efektif kayma mukavemeti parametreleri ile ilgili dogru ve giivenilir deney sonuglar
bulunmamaktadir. Arazi ve laboratuvar deneyleri, gogunlukla, drenajsiz kosullardaki kayma
mukavemeti parametrelerinin elde edilmesi igin gerceklestirilmektedir. Drenajsiz kayma
mukavemeti parametrelerinin deneysel degerlerini kullanarak efektif kayma mukavemeti
parametrelerinin elde edilmesi ise son derece zordur. Deneysel olarak 6l¢iilmiis drenajsiz
haldeki Young modiilii Hooke kanunlart ile efektif Young modiili degerine
doniistiiriilebilirken ileri malzeme modellerinde bu tarz bir doniisim mevcut degildir. Bu
nedenlerden dolay1 kil zeminin drenajsiz davranist Undrained (B) secenegi ile Mohr-
Coulomb (MC) malzeme modeli kullanilarak modellenmistir. Undrained (B) se¢eneginde
drenajsiz kayma mukavemeti degeri giris verisi olarak kullanildigindan kayma mukavemeti
tizerinde direk kontrol saglanabilmektedir. Bu secenekte; kayma mukavemeti parametreleri
0=, ve c=c, olup efektif rijitlik parametreleri (Young modiili, E' ve Poisson orani v')
kullanilarak drenajsiz efektif gerilme analizi yapilabilmektedir. Kil zeminin elastik davranisi
icin v'=0.33 degeri kullanilmis olup drenajsiz Young modiilii degeri de E,=500xc, esitligi ile
elde edilmistir. Kil zemine ait deformasyon modiilii ve drenajsiz kayma mukavemeti
parametrelerinin derinlik boyunca sabit oldugu kabul edilmistir. Gergekgi analiz sonuglart
elde etmek i¢in suyun bulk modiilii zemin iskeletinin bulk modiiliine gore yiiksek olmalidir.
Bu kosul, v'<0.35 alinarak saglanabilir. Poulos ve Small [34], drenajsiz yiikleme durumunda
elde edilen elastisite modiilii degeri ile § diizeltme katsayisinin ¢arpilarak drenajli durumdaki
elastisite modiilii degerinin elde edilebilecegini belirtmislerdir. Yumusak kil ve kati kil
zeminler i¢in B katsayist degerlerini, sirast ile, 0.4 ve 0.6 olarak 6nermislerdir. Bu ¢aligmada
kil zemine ait farkli kivam durumlarimin tamaminda kullanilmak {izere B diizeltme katsayis1
ortalama bir deger olarak 0.5 secilmistir.
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E; (Drenajli) = B x E, (Drenajsiz) (2)
Fazla asir1 konsolide kil zeminler disinda, kil zeminlerde dilatasyon davranist gézlenmez.

Diger bir ifade ile kil zeminlerde dilatasyon agisinin degeri y=0 olarak kabul edilir [27, 32,
35-37]. Kil zeminin 6zellikleri Cizelge 2° de 6zetlenmistir.

Cizelge I - Kum zemin igin HS model parametreleri [17]

HS Model Parametreleri Deger
Dogal Birim Hacim Agirlik, yn (kN/m?) 15.65
I¢sel Siirtiinme Agist, ¢ (°) 36.40
Kohezyon, ¢ (kN/m?) 0.30
Dilatasyon (Genlesme) Agist, vy (°) 4.00
Ug Eksenli Yiikleme Rijitligi, Eso™" (kN/m?) 14600
Uc Eksenli Bosaltma/Yeniden Yiikleme Rijitligi, E,"" (kN/m?) 43800
Odometre Rijitligi, Eoeq ™" (kN/m?) 14600
Bosaltma/Yeniden Yiikleme Poisson Orani, vy, 0.20
Referans Basing, p™" (kN/m?) 100
Gerilme Bagimli Rijitlik igin Us Degeri, m 0.50
Goc¢me Orani, Re 0.90

Normal Konsolide Zemin i¢in Siikunetteki Yanal Toprak Basing Katsayisi, 0.407
KOHC

Stikunetteki Yanal Toprak Basing Katsayist, Ko Automatic
On Ortii Yiikii Basinci, POP (kN/m?) 362.50
Asir1 Konsolidasyon Orani, OCR 1

Cizelge 2 - Kil zeminin ozellikleri

Parametreler Deger
Igsel Siirtiinme Agist, ¢’ (°) ¢ =d,=0°
Birim Hacim Agirlik, yii (kN/m?) 21.00
Dilatasyon (Genlesme) Agist, vy (°) 0

Poisson Orant, v’ 0.33

Yapilan dogrulama analizlerinde temel, hem linear elastik davranis sergileyen non-porous
hacim elemani olarak hem de plate eleman kullanilarak modellenmistir. Modellemelerde,
temel kalinlig1 deneysel ¢aligmalar ile uyumlu olarak 76 cm secilmistir. Analizlerde, temel
elemaninin ¢ok rijit ve tam piiriizlii oldugu kabul edilmistir. Ara yilizey davranigini temsil
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eden Riner katsayisinin degeri 1.0 olarak secilmistir. Bu durum; temel ve zemin hacim
elemanlar arasindaki siirtiinmenin iki hacim elemani arasinda rolatif deplasman olusumuna
izin vermeyecek kadar biiyilk oldugu anlamimna gelmektedir. Diger bir ifade ile tam
pliriizliiliik hali ¢i=¢ bulunmaktadir. Temel eleman: i¢in elastite modiilii, poisson orani ve
birim hacim agirhik degerleri, sirasi ile, E = 32 x 10° kN/m?, 0.2 ve 24.0 kN/m® olarak
kullanilmstir. Temelin hacim eleman olarak modellendigi analizlerde deneysel davranisi cok
daha iyi temsil eden yiik-oturma egrileri elde edilmistir. Yiikleme iki farkli yolla
gerceklestirilmistir. Birinci durumda, arazi yiikleme deneylerinde oldugu gibi temele tekil bir
yiik uygulanmistir. ikinci durumda ise temelin belirlenmis bir deplasmani yapmasi
saglanarak bu deplasmana karsilik gelen yiik degeri elde edilmistir. Tam piiriizli hali temsil
eden kosullarda yapilan her iki farkli yiiklemede de hemen hemen birbiri ile ¢akisan yiik-
oturma egrileri elde edilmistir. Kare tekil temel hem x hem de y yoniinde var olan simetriden
dolay1 dortte bir geometri ile modellenmis olup, yiik deneysel go¢me yiikiiniin 0.25 kati
degerinde tekil yiikk olarak uygulanmigtir. Parametrik caligmalarin  gerceklestirildigi
analizlerde temel kalinligi t=0.50 m olarak se¢ilmis olup yiikleme, iiniform yayili basincin
temel alan1 boyunca uygulanmasi ile gergeklestirilmistir. Model geometri igin yatay sinir
mesafeler temel kenarindan itibaren her iki yonde (x ve y) 3B ve diisey sinir mesafe de temel
tabanindan itibaren 5B olarak secilmistir. Dogrulama analizleri i¢in B=3.0 m genislikteki
kare tekil temel géz oniine alindigindan caligma alani boyutlar1 10.5 m x 10.5 m x 15.0 m
olarak olusturulmustur. Ornek bir sonlu elemanlar modeli Cizim 2’ de gosterilmistir. Calisma
kapsaminda yapilan biitiin analizlerde, segilen sinir mesafelerin plastik gogme bolgeleri ve
deplasman alanlarinin olusumunu etkilemeyecek yeterli uzakliklarda yer aldig1 goriilmiistiir.
Plaxis, model geometri igin sinir sartlarini otomatik olarak uygulamaktadir.

-
e

t L
|
)
Cizim 2 - B=3.0 m genislikteki kare temel i¢in H/B=1.0 ve ¢,=10 kPa durumundaki sonlu
eleman modeli

X

Model geometride, gerilme ve deformasyon yogunlugunun olustugu temel alani ile temel
kenarlarindan ve temel tabanindan itibaren farkli mesafelerde mesh sikiliklar1 artirilarak
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farkli sonlu eleman sayilarinda bir seri analiz yapilmustir. Oncelikle segilen bir mesh sikilig
icin tim model geometri sonlu elemanlara ayrilmistir. Sonrasinda, temel bolgesi secilerek bu
bolgedeki mesh sikiligi inceltilmistir. Daha sonra ise temel kenarlarindan ve temel
tabanindan itibaren belirli mesafeleri kapsayan hacim elemani icin tekrar ag inceltmesi
yapilmistir. Boylelikle; Cizim 3’ den de goriildiigii gibi temel alan1 boyunca en yogun, temel
kenarlar1 ve temel tabani altinda belirli mesafelere kadar yogun ve bu mesafeler disinda da
daha az yogun olan bir sonlu elemanlar agi olusturulmustur. B=3.0 m genislikteki kare tekil
temel i¢in farkli mesh yogunluklarinda yapilan analizlerden elde edilen yiik-oturma egrileri
deneysel yiik-oturma egrileri ile karsilastirilmigtir. Farkli mesh yogunluklarinda elde edilmis
olan yiik-oturma egrileri Cizim 4’ de gosterilmistir. Yapilan analizlerde sonlu eleman sayilar1
1197 ile 82287 arasinda degisiklik gostermistir. Farkli baglangic mesh sikiliklar: ve farkl
hacim elemani boyutlari ile yapilan denemeler sonrasinda 17003 sonlu eleman, 25196 diigiim
noktast ve 0.3119 m ortalama eleman boyutuna sahip sonlu elemanlar aginin olusturuldugu
yaklagim analizlerde kullanmak iizere secilmistir. Plaxis 3D programi model geometrinin
sonlu elemanlara ayrilmasi iglemini zemindeki tabakalanmay1, yapisal elemanlari, yiikleme
ve smir kosullarin1 hesaba katarak otomatik olarak gergeklestirmektedir. U¢ boyutlu sonlu
elemanlara ayirma islemi i¢in 10 diigiimlii tetrahedral elemanlar kullanilmaktadir. Model
geometride goz Oniine alinan tabakalanma durumu, temel boyutu ve mesh inceltmesi yapilan
bolgenin boyutlarina bagli olarak sonlu eleman ve diigiim noktasi sayilarinda farkliliklar
olugsa da ortalama eleman boyutlarinin farkli model geometriler igin birbiri ile uyumlu
olduklar1 goriilmistiir.

(&

Cizim 3 - B=3.0 m genislikteki kare temel i¢in dogrulama analizi sonlu elemanlar agi
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Cizim 4 - Uygun ag stkiligini tamimlamak icin yapilan analizlerden elde edilen yiik-oturma
egrilerinin deneysel yiik-oturma egrisi ile karsilastirilmasi

600 900
100 600
g g
= -
200 300
——Deneysel - B=1.00 m ——Deneysel - B=1.50 m
—=—FEM - B=1.0m —=—FEM - B=1.50m
0 0 |
0 50 100 150 o 50 100 150
Oturma (mm) Oturma (mm)
2000 2500
1600 2000
. 1200 _ 1500
a4 ™
2 800 = 1000
400 ——Deneysel - B=2.50'm 500 —— Deneysel - B=3.00m
—=—FEM - B=2.50 m —=—FEM - B=3.00 m
0 0
o 50 100 150 o 50 100 150
Oturma (mm) Oturma (mm)

Cizim 5 - Deneysel yiik-oturma egrilerinin analizler sonucu elde edilen yiik-oturma egrileri
ile karsilastirilmasi

Yapilan bu analizler sonucunda, Cizim 4’ te de gosterildigi gibi, belirli bir mesh sikiligindan
sonra elde edilen ylik-oturma egrilerinde daha fazla bir iyilesme olugsmadig1 ve egrilerin
birbirleri ile ayn1 oldugu goriilmiistiir. Ayn1 zamanda bu mesh yogunluklarinda elde edilmis
ylik-oturma egrileri deneysel yiik-oturma egrilerine en yakin davranigi ortaya koymustur.
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Bununla birlikte mesh sikiliginin artmasi hesaplama zamani {izerinde ciddi artiglara neden
olmaktadir. Bu nedenle deneysel yiik-oturma davranisina en yakin sonuglar1 veren ve
hesaplama siiresi acisindan en elverisli olan mesh sikilig1 se¢ilmistir.

Yiikleme deneylerindeki farkli boyuta sahip her bir temel icin yiikleme deneyleri ve sayisal
analizlerden elde edilmis yiik-oturma egrileri karsilagtirilmali olarak Cizim 5’ de
gosterilmistir. Cizim 5’den goriildiigii gibi sonlu eleman analizlerinden elde edilmis olan
yiik-oturma egrileri deneysel yiik-oturma egrileri ile iyi bir uyum sergilemektedir.

4. BULGULAR VE TARTISMALAR

4.1. Ustte Yer Alan Kum Tabakasi1 Kalinhgmn (H/B) ve Altta Yer Alan Kil Zeminin
Drenajsiz Kayma Mukavemetinin (cu) EtKisi

Tabakal1 zeminlere oturan yiizeysel temellerin nihai tasima kapasitesinin tahmin edilmesinde
kullanilan geleneksel tasima giicii yontemlerinde, kum tabakasi kalinliginin temel
genisliginden kiiciik olmasi durumunda, Cizim 6’ da gosterildigi gibi, yenilme yiizeyinin
alttaki kil tabakasinin icine dogru genisleyecegi ve go¢me yiizeyi derinligi icerisinde yer alan
tabakalarin elde edilecek tasima giiclinii etkileyecegi kabuli yapilmaktadir. Bu nedenle;
tabakali zeminler iizerinde yer alan temellerin tasariminda zemindeki tabakalanma
kosullarinin hem geometrik agidan hem de tabakalarin rélatif mukavemetleri agisindan goz
Online alinarak tasima giici ve deformasyon davraniglart {izerindeki etkilerinin
degerlendirilmesi 6nemlidir.

t )
\ Kum
T \ Tabakas
! \
7 VD; Strgarj Basnas, oo =7.Ds \ 4—B ——p|
bhebbdbbyiitd iy .
g LT - T \ 7'y 7. a1 <B
. 15912 N / 4
. \ B / -
AR A /
e P dvel 7
. G A =¥-C
Yiizeyi Potansiyel Tabakas:
Gégme
Yiizeyi
a) Homojen zemin durumunda b) Tabakali zemin durumunda

Cizim 6 - Homojen ve tabakali zemin durumlarinda potansiyel gégcme yiizeyleri [38]

Altta yer alan zayif kil tabakasinin farkli drenajsiz kayma mukavemeti degerleri i¢in farkl
iist tabaka kalinliklarinda B=3.0 m genisligindeki kare temelde elde edilen boyutsuz tasima
giicli degerlerinin karsilastirilmast Cizim 7’ te gosterilmistir. Limit denge yontemine dayali
teorik tagima giicii yontemlerinde yapilan kabuliin aksine tabakali durumun hem alttaki kil
tabakasinin drenajsiz kayma mukavemeti hem de iistte yer alan kum tabakasinin kalinligina
bagli olarak H/B>1.0 durumunda da gegerli oldugu goriillmektedir. Homojen kum zemindeki
tasima giicii, tabakali durum igin bir iist sinir olarak kabul edildiginde ¢,=10.0 kPa oldugu
durumda H/B=2.5-3.0 i¢in bu degere ulasilirken ¢,=20.0, 40.0 ve 60.0 kPa oldugu
durumlarda, sirasi ile, H/B=2.5, H/B=1.5-2.0 ve H/B=1.0-1.5 i¢in ulasilmistir. Kil
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tabakasimin drenajsiz kayma mukavemetindeki artis tasima giicii degerini artirirken ¢,” nun
artmas ile birlikte daha kiiciik iist tabaka kalinliklarinda homojen kum zemin durumundaki
tagima giictine ulasilmaktadir.

Cizim 8’ de gosterildigi gibi c,” nun artmast ile birlikte biitiin H/B oranlarinda tasima giicii
degerleri artmaktadir. H/B=3.0 durumunda tabakali durum s6z konusu olmamakla birlikte
alttaki kil tabakasimin varligi, 6zellikle ¢,>10 kPa i¢in, tabakali durumdaki tasima giiciinde
homojen kum zemin durumundakine gére artisa neden olmaktadir. Ustteki tabaka kalinhig
sabit iken ¢, nun artmasi H/B=0.25, 0.50, 0.75 ve 1.00 olan st tabaka kalinliklarinda tasima
giiciinde dogrusal bir artisa neden olmustur. H/B>1.0 durumunda gé¢me yiizeyinin daha
biiyiik kism1 kum tabakasi igerisinde gelistiginden c,/yB<1.0 degerlerinde homojen kum
zemindeki tagima giicii degerinin yakalandigi goriilmiistiir.

20

15 1

—+—cu=100kPa
—&— cu=200kPa
—8— cu=400kPa
—e— cu =60.0 kPa

= + =Homojen Kum Zemin

0.0 05 1.0 L5 20 25 3.0 35

Cizim 7 - Farkl ¢, degerleri i¢cin H/B — q./yB iliskileri

B=30m

—+—HB=025
—+— HB=050
—8—HB=0.75
—e— HB=100
—e—HB=150
—— HB=200
—*— HB =250
—=— HB=3.00
= + = Homojen Kum Zemin

0.0 05 1.0 1.5
c,/TB

Cizim 8 - Farkli H/B oranlary igin cu/yB — q./yB iliskileri

si/S (%), herhangi bir derinlikteki oturmanin toplam oturmaya orani olarak tanimlanmuistir.
Cizelge 3’ te kil tabakasi yiizeyinde dlgiilen oturmalarin toplam oturmaya oranlari verilmistir.
Cizelge 3’ te verilen degerlere gore c,=10 ve 20 kPa igin tabakalanma etkisi H/B>2.50
durumunda kalkarken ¢,=40 ve 60 kPa i¢in H/B>1.50 durumunda kalkmaktadir.
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Kil zeminin biitiin drenajsiz kayma mukavemeti degerleri i¢in H/B oraninin artmasi ile ilave
bosluk suyu basinct degerlerinde azalma meydana gelmistir. Kum tabakasi kalinligimin
artmas ile etki derinligi igerisindeki kil tabakasi kalinlig1 azalmakta, yer alt1 su seviyesinin
zemin yiizeyinden itibaren derinligi artmakta ve kil tabakasi yiizeyinde meydana gelen
deplasman degerleri azalmaktadir. Diger taraftan kil tabakasinin mukavemetinin artmasi ile
birlikte ayni H/B oranlarinda elde edilen ilave bosluk suyu basmeci degerleri tagima
kapasitesindeki artiga bagli olarak artmistir. ¢,=10 kPa i¢in H/B=0.25 durumunda elde edilen
ilave bosluk suyu basinci degeri 356.10 kPa iken H/B=3.0 durumunda bu deger 19.71 kPa
olarak elde edilmistir. ¢,=20 kPa i¢in H/B=0.25 durumunda elde edilen ilave bosluk suyu
basinci degeri 682.80 kPa iken H/B=2.5 durumunda bu deger 45.64 kPa dir. ¢,=40 kPa icin
H/B=0.25 durumunda elde edilen ilave bosluk suyu basinci degeri 1190 kPa iken H/B=2.0
durumunda 78.83 kPa degeri elde edilmistir. ¢,=60 kPa i¢in H/B=0.25 durumunda 1933 kPa
olan ilave bosluk suyu basmcmin degeri H/B=2.0 durumunda 44.48 kPa olarak elde
edilmisgtir.

Cizelge 3 - Farkli H/B ve farkl c, degerleri igin s/S (%) oranlart

B=3.00m

cw = 10 ¢g6 = 20 ¢ = 40 ¢, = 60
H/B kN/m? kN/m? kN/m? kN/m?

si/ S (%) si/ S (%) si/ S (%) si/ S (%)
0.25 98.179 96.951 95.302 94.593
0.50 96.054 92.915 88.122 84.147
0.75 89.906 83.267 73.632 66.134
1.00 78.080 68.241 54.105 45.092
1.50 48.585 36.693 24.735 17914
2.00 23.436 16.769 9.627 6.149
2.50 7.643 5.842 3.455 2.494
3.00 0.226 0.228 0.362 0.362

Uygulanan yiik etkisinde derinlik boyunca meydana gelen oturmalarin toplam oturmaya
oraninin %10’ dan kiiciik oldugu durumda yiik etkisinin ihmal edilebilir oldugu kabul
edilmistir. Cizelge 4’ te gosterildigi gibi homojen kil zeminde durumunda etki derinligi temel
tabanindan itibaren 2B derinlikte son bulmakta ve bu derinlik igerisinde toplam oturmalarin
%94’ iinden fazlas1 gerceklesmektedir. Homojen kum zemin durumunda ise etki derinligi
2B-3B derinlikleri arasinda son bulmaktadir. 2B-3B derinlikleri arasinda gergeklesen
oturmalarin toplam oturmaya orani yaklasik %10 dur. H/B=0.25 ve 0.50 i¢in biitiin c,
degerlerinde etki derinligi temel tabanindan itibaren 2B dir. Bununla birlikte; H/B=0.75,
1.00, 1.50, 2.00 ve 2.50 igin c,=10 ve 20 kPa degerlerinde etki derinligi 2B-3B araliginda
iken ¢,=40 ve 60 kPa i¢in 2B dir. H/B=0.25, 0.50, 0.75 ve 1.00 igin temel tabani ile B derinligi
arasinda meydana gelen oturmanin toplam oturmaya orani sirasi ile %63, %41, %27 ve %22
iken B-2B derinligi arasinda bu degerler sirasi ile %31, %48, %56 ve %57 olarak elde
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Cizelge 4 - Temel tabanindan itibaren B, 2B ve 3B derinliklerde gozlenen si/S oranlar

cu (KN/m2) 10 20 40 60
B=3.00 m . si/ S si/ S si/ S si/ S
Derinlik (%) (%) (%) (%)
B 22551 22267 22373 22.566
HomojenKil 2B 4311 4257 4276 4315
3B 1232 1215 1218  1.229
B 36.785 27.898  20.497  16.063
HB=025 2B 6.521 4659 3306  2.56
3B 1.810 1243 0.893  0.701
B 59270 47.434 35455 28.537
H/B=0.50 2B 11.731  8.096 5424  4.171
3B 3139 2132 1385  1.073
B 73200 61.742  48.049  39.944
HB=0.75 2B 17.165 11499 7344  5.654
3B 4313 2914 1852 1436
B 78.080 68241 54.105  45.092
HB=100 2B 21977 14826 9.010  6.563
3B 5448  3.647 2275  1.686
B 78.573  69.760 57202  47.061
HB=150 2B 24421 16386 9.491  6.698
3B 7.112 4456 2493  1.668
B 59242 53327 49.036  47.931
H/B=200 2B 23436 16769 9.627  6.149
3B 6.442 3476 1557  1.198
B 50.879  49.855 48.700  48.034
H/B=250 2B 22,632 17403 11.658  9.697
3B 2026 1115 0740  0.552
B 49257 48905 48373  48.038
H/B=3.00 2B 14915 13473 12212 11418
3B 0226 0228 0362  0.362
' B 48.219
Eﬁzoje“ 2B 12.218
3B 1.402
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edilmistir. Kum tabakasi kalinliginin ve buna bagl olarak da kil tabakasinin yiizeyden
itibaren derinliginin artmasinin bir sonucu olarak B-2B derinlikleri arasindaki oturmalarin da
toplam oturma igerisindeki oran1 artmaktadir. Ustteki tabaka kalinhiginin H/B=1.50, 2.00 ve
2.50 oldugu durumlarda c,=10 ve 20 kPa i¢in 2B-3B derinlikleri arasinda meydana gelen
oturmalarin toplam oturmaya orani yaklasik olarak %15 iken ¢,=20 ve 40 kPa igin bu oran <
%10 dur.

Cizim 9’ da B=3.0 m genislikteki kare temelde ¢,=10 kPa durumunda farkli H/B oranlar1 igin
s/B—qu/yB iliskileri gosterilmistir. Cizim 9” dan da goriildigii gibi H/B=0.25 ve H/B=0.50
durumlarinda elde edilen yiik-oturma egrileri, homojen kil zemindeki gibi elastik-tam plastik
benzeri bir davranisi temsil etmektedir. Ust tabaka kalmlig1 rélatif olarak kiigiik oldugundan
gdeme yiizeylerinin biiyiik kismi doygun kil zemin tabakasinda gelismektedir. H/B=0.75,
1.00, 1.50 ve 2.00 durumlarinda yiik-oturma egrileri elasto-plastik benzeri bir davranisi
temsil ederken H/B=2.50 durumunda davranis dogrusal elastik davramsa yakindir. Ustteki
kum tabakasi kalinliginin artmasi ile birlikte tabakali zeminde tasima giici ve oturma
davraniglar1 kum ve kil tabakalarmin katkilar ile idare edilirken H/B>2.50 durumunda kum
tabakasi tarafindan idare edilen bir tagima giicii ve oturma davranisi s6z konusudur. Doygun

—a—Homojen Kil Zemin

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.00 0.02 0.04 0.06 0.08 0.10 012 0.00 0.02 0.04 0.06 0.08 0.10 0.12
s/B s/B s/B

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.00 0.02 0.04 0.06 0.08 0.10 0.12
s/B s/B

—=—H/B=2.00

—a—H/B=2.50 —e—H/B=3.00

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.00 0.02 0.04 0.06 0.08 0.10 0.12
s/B s/B s/B

Cizim 9 - B=3.0 m genislikteki kare temelde c, = 10 kPa durumunda farkly H/B oranlari
i¢in s/B—q./yB iliskileri
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Cizim 10’ dan goriildiigii gibi artan iist tabaka kalinlig: ile birlikte daha kiiciik c./yB
degerlerinde yiik-oturma davranislar1 dogrusal elastik davranisa yakin hale gelmektedir.
H/B=1.00 durumunda yiik-oturma egrisinde dogrusal elastik davranisa yakin davranis
c/yB>1.28 icin gergeklesirken bu deger H/B=1.50 ve 2.00 i¢in, sirasi ile, c,/yB>0.85 ve
c/yB>0.43 i¢in meydana gelmistir.

e H/B=1.00-cu=20 kPa ——H/B=100-cu=40 kPa N ——H/B=1.00-cu = 60 kPa
0 0 0 . ;
000 002 004 006 008 010 012 000 002 004 006 008 010 012 000 002 004 006 008 010 012
S/B /B /B

——H/B=1.50-cu= 40 kPa N ——H/B=1.50-cu=60 kPa

000 002 004 006 008 010 012 000 002 004 006 008 010 012 000 002 004 006 008 010 012
s/B s/B s/B

15 15 15
12 1 12

2, =) =)

E g S
6 6 6
3 ——H/B=2.00-cu=20 kPa 3 ——H/B=2.00-cu=40 kPa 3 —+—H/B=2.00-cu=60 kPa
00 00 0.02 0.04 0.06 0.08 0.10 012 00]]0 0.02 0.04 0.06 0.08 0.10 0.12 00 00 0.bz 0.04 0. E)G 0.08 0.10 0.12

s/B s/B s/B
Cizim 10 - B=3.0 m genislikteki kare temelde farkli H/B ve ¢, degerleri icin s/B—q./yB

iliskileri

Cizim 11’ de s/B=0.1 degerinde oturmaya neden olan yiikleme durumu Durum 1, bu
yiikklemenin yaklasik 2 kati degerinde yiikiin uygulandigi durum da Durum 2 olarak
adlandirilmigtir. H/B=0.50 i¢in Durum 2’ de oturma degeri %100 artmis olmasina karsin
tagima giicli degerindeki artis Durum 1’ e gére %16 olmustur. H/B=0.50 i¢in Durum 2’ de
yapilan analizde gd¢cme meydana gelmemistir. Analiz, s/B=0.2 degerinde sonlandirilmistir.
H/B=1.0 i¢in Durum 2’ de s/B=0.14 degerinde zeminde gé¢me meydana gelmistir. Gogmeye
neden olan boyutsuz tagima giicii degeri q/yB=6.889 olup Durum 1’ ¢ gére oturma degerinde
meydana gelen %40’ lik artisa karsilik tasima giicii degerinde %11 degerinde artis
olusmustur. H/B=2.50 i¢in Durum 2’ de oturma degerindeki %100’ lik artisa karsilik tagima
giicli degerinde Durum 1’ e gore %58 oraninda artis meydana gelmistir. H/B=2.50 i¢in
Durum 2’ de yapilan analizde gé¢me meydana gelmemistir. Analiz, s/B=0.2 degerinde
sonlandirilmistir.

141



Tabakali Zeminlerdeki Yiizeysel Temel Davraniginin Niimerik ve Analitik ...

—e—H/B=0.50-Durum 1 —6—H/B=1.00-Durum 1

—e—H/B=2.50-Durum 1

——H/B=0.50-Durum 2 ——H/B=1.00-Durum 2

——H/B=2.50-Durum 2

0.00 0.05 0_‘10 0_‘15 0_‘20 025 0.00 0.03 0.06 0.09 0.12 0.15 000 005 010 015 020 025
s/B s/B s/B

Cizim 11 - B=3.0 m geniglikteki kare temelde c¢,=10 kPa i¢in Durum 1 ve Durum 2’ de elde
edilen s/B-q./yB iliskilerinin karsilastirilmasi

H/B orani ve c, degerlerinde meydana gelen degisimler yatay yondeki deplasmanlarin
olusumu tizerinde de etkili olmaktadir. Yatay yondeki deplasman hareketleri, H/B orani ve
cu degerlerine bagl olarak temel merkezinden itibaren 1.50B-2.00B mesafeye kadar etkili
olmaktadir. ¢,/yB<0.85 icin yatay mesafe 1.70B-2.00B araliginda iken c,/yB>0.85 i¢in bu
aralik 1.50B-1.60B dir.

4.2. Temel Boyutunun Etkisi

Nihai tasima kapasitesi iizerinde temel boyutunun etkisi, sadece, homojen zeminlerde degil
tabakali zeminlerde de gdzlenebilir.

dpik, gocme anindaki pik gerilme durumu igin elde edilmis i¢sel siirtinme agis1 degeri olup
kritik durum igsel siirtiinme agisi, ik ve dilatasyon agist, y’ nin toplami olarak ifade
edilmektedir. ¢iritik, zeminin gerilme ge¢misinden, zemindeki gerilme durumundan ve dane
diizenlemesinden bagimsiz iken v, zemin durum degiskeni olup zemin sikilig1 ve zemindeki
ortalama efektif gerilme degerinden etkilenmektedir. Zemin sikilig1 arttiginda ve ortalama
efektif gerilme azaldiginda  artar ve daha biiyiik ¢pik degerleri elde edilebilir. Analizlerde
giris parametresi olarak sabit bir ¢pix degeri kullanilmasina ragmen kayma yiizeyleri boyunca
mobilize haldeki igsel siirtiinme agis1 degerleri farkli dilatasyon davraniglari nedeni ile ayni
olmayacaktir. Homojen kum zemin durumunda temel boyutunun artmast ile etkili gerilme
bolgesi derinligi ve ¢evre basinct artacaktir. Bunun sonucu olarak kum zemindeki kayma
yiizeyleri boyunca mobilize haldeki y degerleri ve buna bagli olarak da ¢mobilize degerleri
farklilasacaktir. Temel boyutu; ¢evre basinct seviyesi, kum zeminin kayma mukavemeti
davranist ve gé¢me mekanizmasi olusumu iizerinde etkilidir. Kohezyonsuz zeminlerde ¢
acis1 sabit olmayip artan ¢evre basinci ile birlikte azalmaktadir [39-43].

Temel boyutunun tabakali zeminlerde tagima giicii ve oturma davranisi tizerindeki etkisini
arastirmak i¢in B=1.0, 2.0 ve 3.0 m genislikteki kare temeller ile homojen kil, homojen kum
ve tabakali zemin durumlarinda bir seri ii¢c boyutlu sonlu elemanlar analizi yapilmistir.
Analizler, her bir temel boyutu i¢in c¢,=10 kPa durumunda farkli H/B oranlar1 i¢in
gerceklestirilmistir. Tabakali zemin profilinde homojen kum zemin durumunda elde edilen
tasima giicli degerinin {ist smir oldugu kabul edildiginde, ¢,=10 kPa i¢in, B=3.0 m
genislikteki kare temelde tabakalanma etkisi H/B=2.5-3.0 i¢in gorilmezken B=2.0 m
genislikteki kare temelde H/B=3.0 i¢in ve B=1.0 m genislikteki kare temelde de H/B>3.0 i¢in
tabakalanma etkisi goriilmemektedir. Temel boyutu, tabakalanma davranigini etkilemekte ve
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temel boyutunun artmasi ile birlikte tabakalanma etkisinin olmadig1 H/B orani azalmaktadir.
Cizelge 5’ te verilen si/S oranlar1 degerlendirildiginde de benzer sonuca ulasilmaktadir.
B=1.0 m genislikteki kare temelde H/B=3.0 durumunda si/S=%13.649 dur. B=2.0 m
genislikteki kare temelde si/S oran1 H/B=2.5-3.0 ve B=3.0 m genislikteki kare temelde de
H/B=2.0-2.5 araliginda %10 degerinin altina diismektedir. Diger taraftan H/B=3.0 igin si/S
degerleri B=1.0, 2.0 ve 3.0 m genislikteki kare temellerde, sirast ile, %13.649, 4.601 ve 0.226
olarak elde edilmistir.

Cizim 12’ de goriildiigii gibi H/B=0.25 i¢in temel boyutunun artmasi tasima giiciinde
azalmaya neden olurken H/B=0.50 ve 0.75 igin tasima giicii degeri temel boyutundan
etkilenmemistir. H/B>1.00 i¢in temel boyutunun artmasi tasima giiciinii de artirmaktadir.
Ancak; H/B orani ile tagima giicii arasinda kuralli ve orantili bir artig gézlenmemistir. Her
bir temel boyutu i¢in tagima giiciindeki en bilyiik artis miktar1t H/B’ nin 1.00 ile 1.50 degerleri
arasinda elde edilmistir. H/B>1.50 i¢in tabakalanma etkisinin goriilmedigi H/B oranina kadar
tagima kapasitesindeki artis oranlar1 azalmaktadir.

Cizelge 5 - Farkli boyutlara sahip kare temeller igin kil tabakasinda gozlenen si/S oranlar

B=3.00m B=2.00m B=1.00m
cu = 10 kKN/m? cu = 10 kN/m? cu = 10 kN/m?

H/B
si/S (%) si/S (%) si/S (%)
0.25 98.179 98.246 98.846
0.50 96.054 95.779 94.500
0.75 89.906 87.657 87.322
1.00 78.080 76.902 85.397
1.50 48.585 56.672 62.404
2.00 23.436 32.809 41.699
2.50 7.643 14.224 22.398
3.00 0.226 4.601 13.649
800 T o ¢, = 10 KN/m?

700 | —e—HB =050
—+—HB =075
600 | —e—HB =100
—a—H/B =150
500 | —e—HB =200

—e—H/B =250

q (N/m?)

| —=—nB =300

0.0 1.0 20 3.0 4.0
B (m)

Cizim 12 - Farkli H/B oranlari igin temel boyutunun tasima kapasitesi iizerindeki etkisi
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Zayif kil tabakasi bulunan problemli zemin kosullarinda iistte olusturulacak kontrollii bir
dolgu tabakasi ile zemin iyilestirilmek istendiginde, dolgu tabakasmin kalinligi B>1.0 m
geniglikteki temeller i¢in H/B oranit minimum 0.50 olacak sekilde secilmelidir. B=1.0 m
oldugu durumda bu oran minimum 0.75 olmalidir.

Ust tabaka kalmligmm H/B=0.75 oldugu durumda c, degerindeki artisin nihai tasima giicii
ve oturma davranisi lizerindeki etkileri analiz edilmistir. Cizim 13’ den goriildiigii gibi biitiin
temel boyutlarinda c, degerinin artmasi tabakali zeminin nihai tasima giiciinii artirmaktadir.
Nihai tagima giictindeki artis miktari, ¢,=20 kPa ile ¢,=40 kPa ve ¢,=40 kPa ile c,=60 kPa
arasindaki degisimlerde, gdz Oniine alinan biitiin temel boyutlari i¢in hemen hemen ayni
oranda olup, sirasi ile, %58 ve %30 degerindedir. ¢, degerinin artmasi ile birlikte tagima
giiciindeki artim oraninin azalmasi, zayif tabaka durumundaki alttaki kil tabakasinin
mukavemetinin saglam tabaka durumundaki istteki kum tabakasinin mukavemetine
yaklagmasi ile agiklanabilir. Temel boyutunun artmasi ile birlikte ¢,=10 kPa ile ¢,=20 kPa
arasinda meydana gelen artig orant azalmistir. B=1.0 m genislikteki temelde artis oran1 %62
iken B=2.0 m ve B=3.0 m genislikteki temeller i¢in artig oranlari, sirasi ile, %53 ve %50 dir.
Cizim 13 de gosterildigi gibi kil zeminin drenajsiz kayma mukavemetinin sabit oldugu
durumda temel boyutunun artmasi nihai tagima kapasitesi {izerinde 6nemli olmayan
degisimlere neden olmustur.

800

—a—cu=10kPa H/B—=0.75

700 | —e—cu=20kPa \1—’_;

—e—cu =40 kPa

—=— cu = 60 kPa

-_

e ——

200 - — 4

0.0 1.0 20 3.0 4.0
B (m)

Cizim 13 - Farkli c, degerleri icin temel boyutunun tasima kapasitesine etkisi

Cizelge 6 - Farkli boyutlara sahip kare temeller icin H/B=0.75 durumunda kil tabakasinda
gozlenen si/S oranlart

H/B=0.75
B cu=10kN/m*> ¢, =20kN/m* c¢,=40kN/m?> c,=60kN/m?
si/ S (%) si/ S (%) si/ S (%) si/ S (%)
3.0 89.906 83.267 73.632 66.134
2.0 87.657 81.027 72.081 65.374
1.0 87.322 81.454 71.194 64.797
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Farkli temel boyutlar1 i¢in farkli ¢, degerlerinde kil tabakasi yiizeyindeki si/S (%) degerleri
H/B=0.75 durumunda Cizelge 6’ da verilmistir. Cizelge 6’ dan goriildiigii gibi ¢, degerinin
sabit oldugu durumda temel boyutunun degismesi kil tabakasinda meydana gelen oturmalari
etkilememektedir. Ancak; c, degerinin artmasi ile birlikte kil tabakasinda meydana gelen
oturma miktar1 azalmaktadir. Kil tabakasinin kum tabakasina goére rélatif mukavemetinin
artmasi kum tabakasimnin tasima giiciine olan katkisini arttirmakta diger bir ifade ile kum
tabakasinda mobilize haldeki i¢sel siirtiinme agisinin biiylimesi ile tagima giicii artmaktadir.

4.3. Baslangi¢ Gerilme Durumu ve Gerilme Ge¢misinin Etkisi

Geleneksel tasima giicii teorileri; nihai tasima kapasitesi tahmininde diisey efektif gerilme
esas oldugu i¢in siikunetteki toprak basing katsayisi, Ko‘1in etkisini goz 6niine almamaktadir.
Oysaki; gelistirilmis tasarimlar i¢in Ko katsayisinin tagima kapasitesi iizerindeki etkisinin
aragtiritlmas1 onemlidir [39-43]. Tabakali durumda, kum tabakasinda meydana gelen
zimbalama davranisi ve kum blogun diisey yiizeylerindeki siirtiinme direnci yatay gerilmeler
ve pasif etkilere bagli olarak degerlendirildiginden Ko katsayisinin tabakali zeminlerin tagima
giicli ve deformasyon davraniglari iizerinde etkili oldugu diistiniilmektedir.

Baslangi¢ gerilme durumu, sadece, zeminin kendi agirligindan kaynakli diisey ve yatay
gerilmelere degil zeminin gerilme ge¢misine de baglidir. HS modelde OCR ya da POP
parametreleri kullanilarak zeminin gerilme ge¢misi gbz Oniine alinabilmektedir. Diger bir
secenek ise zeminin normal konsolide kabul edilerek derinlik boyunca sabit degere sahip
daha biiyiik bir Ko katsayismin kullanilmasidir. POP degeri kullanildiginda, zemin
yiizeyindeki gerilme degerleri, baslangic gerilme durumu igin, sifirdan biiyiik degerler
alirken derinlik boyunca sabit bir Ky katsayisi segildiginde baslangi¢ gerilmelerinin zemin
yiizeyindeki degeri sifir olmaktadir. Bununla birlikte; OCR ve POP bilgilerinin elde
edilebilmesi Ky katsayisinin tahmin edilmesine gore daha karmasiktir.

Zeminin asir1 konsolide halindeki yanal toprak basing katsayist normal konsolide
halindekinden daha biiyiiktiir. Dogal durumda, iistte yer alan ve asir1 konsolide hale gelen
tabakalarin kalinliklar1 iklim kosullar1 ve tektonik hareketlere bagh olarak degiskenlik
gosterir. Zemin profilinin yiizeye yakin {ist kisminda yer alan ve asir1 konsolide halde
bulunan béliimlerindeki OCR orani derinlikle birlikte azalacagindan Ky katsayisinin yiizeye
yakin derinliklerde daha biiyiikk olmasi1 ve derinlikle birlikte azalarak normal konsolide
durumdaki degerine yaklagmasi beklenir. insan yapimi graniiler dolgular, genellikle,
kompaksiyon 6ncesinde normal konsolide olarak degerlendirilir. Bununla birlikte; zemin
kompaksiyonu sonucunda olusan on konsolidasyon etkisi dolgunun asir1 konsolide hale
gelmesine neden olur. Bu siiregte zemin sadece sikismaz ayni zamanda da on yiiklenir ve
sonugta yatay efektif gerilmede kalic1 bir artis olusur. Yatay efektif gerilmelerdeki degisim,
genelde dikkate alinmamasina karsilik, graniiler zeminlerdeki oturmay1 6nemli derecede
etkilemektedir. [27, 32, 42, 44-49].

Bu ¢alismada, kum zeminin asir1 konsolide durumu, normal konsolide halde sahip oldugu Ko
degerinden daha biiyiik olan sabit K, katsayist degerleri segilerek goz oniine alinmistir. Ko
katsayisinin 0.4, 0.7 ve 1.0 degerleri igin bir seri analiz gerceklestirilerek baslangic gerilme
kosullar1 ve kum zeminin gerilme ge¢misinin tabakali durumdaki tagsima giicii ve oturma
davranigina etkisi arastirilmistir. Analiz sonuglar1 incelendiginde Ko katsayisinin degerinin
artmasi ile tagima giiciiniin arttig1 goriilmektedir. H/B<2.0 i¢in artig oranlart ihmal edilebilir
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seviyelerde olup %10’ dan kii¢iik iken H/B>2.0 i¢in artis oranlari hem K¢=0.7 hem de K¢=1.0
icin %10’ un iizerinde elde edilmistir. H/B oraninin artmasi ile birlikte tagima giictindeki artis
oranlar1 %36’ ya kadar ¢ikmaktadir. Ko katsayisinin 0.4° den 1.0’ e artirildig1 durumda tagima
gliclinde meydana gelen artig orani, biitiin H/B oranlar1 i¢in, 0.4’ den 0.7’ ye artirildig1
durumda elde edilen artis oranlarinin yaklasik iki kat1 kadardir. Cizim 14’ den gorildiigii gibi
H/B>2.0 igin tasima giiciindeki artis Ko katsayisinin artisi ile yaklagik dogrusal olarak
degismektedir. H/B<1.0 durumunda Ky katsayisi ile birlikte tasima giiciindeki artig oranlari
%S5 ve altinda elde edilmistir. H/B=3.0 durumunda tagima giiciiniin K, katsayist ile artist
homojen kum zemin durumu ile aynidir. B=3.0 m genislikteki kare temeller {izerinde yapilan
analizlerden elde edilen bu sonug¢ ele alinan durumda tabakalanma etkisinin H/B=2.5 ile
H/B=3.0 araliginda kalktigin1 da gostermektedir.

Farkli genislikteki temellerde tagima giicii degeri temel boyutundan etkilenmekte ve bununla
birlikte tabakalanma etkisi farkli H/B oranlarinda kalkmaktadir. Cizim 15 de temel boyutu
ve Ky katsayisiin tagima giicii tizerindeki etkisi goriilmektedir. B=1.0 m genislikteki kare
temelde H/B<2.0 i¢in artig oranlar1 ihmal edilebilir seviyelerde olup %10’ dan kiiciik iken
H/B>2.0 i¢in artis oranlar1 hem K¢=0.7 hem de K¢=1.0 i¢in %10’ un {izerinde elde edilmistir.
H/B oraninin artmasi ile birlikte tasima giiciindeki artig oranlar1 %47’ ye kadar ¢ikmaktadir.
Ko katsayismin 0.4° den 1.0’ e artirildig1 durumda tasima giiciinde meydana gelen artis orant,
biitiin H/B oranlari igin, 0.4’ den 0.7’ ye artirildigi durumda elde edilen artis oranlarimin
yaklagik iki kat1 kadardir. Cizim 15’ den goriildiigii gibi H/B>2.0 i¢in tasima giiciindeki artis
Ko katsayisinin artisi ile yaklasik dogrusal olarak degigsmekte ve tabakalanma etkisi H/B>3.0
i¢cin kalkmaktadir.

—+— H/B=025

B=3.0m
¢, = 10 KN/m?*

—a— H/B=0.50
1000 \—a—mwmB=075

—— H/B=1.00
800 |—*—H/B=150
—e—— H/B=2.00 //

E — e HB=250
é 600 | o mB=3.00
&

- —# - Homojen Kum

0.0 02 04 0.6 08 1.0 12
K,

Cizim 14 - Farkli Ko degerleri i¢in elde edilen nihai tasima kapasitesi degerlerinin
karsilagtirilmasi

Kil tabakasi yiizeyindeki oturmalarin toplam oturmaya orani degisen H/B oranlarinda farkli
Ko katsayis1 degerleri igin Cizelge 7’ de gosterilmistir. H/B>1.0 i¢in K, katsayisindaki artis
ile birlikte kil tabakas1 yiizeyinde gozlenen oturma miktarlarinda artiglar olusmustur. Ko
katsayisindaki artis ile kum blogun yatay yondeki yerdegistirmeleri sinirlanmakta ve diisey
yiizeylerinde daha biiyiik pasif direng etkileri olugmaktadir. Bu sekilde daha rijit hale gelen
kum blogun yatay yondeki deplasmanlar1 azalirken tagima kapasitesi ve kil tabakasindaki
zimbalama etkisi de artmaktadir.
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Cizim 15 - Farkli Ko degerleri i¢in elde edilen nihai tasima kapasitesi degerlerinin
karsilagtirilmasi

Temel altinda, deplasmanlarin yatay dogrultudaki dagilimlari incelendiginde, H/B<1.0 i¢in,
Ko’ m artmas1 yatay dogrultudaki deplasman hareketlerini 6nemli derecede etkilememis ve
temel merkezinden itibaren 1.7B-2.0B mesafelerde deplasman hareketleri gézlenmistir.
H/B>1.0 ve homojen kum zemin durumlarinda ise deplasman hareketlerinin Ko degisiminden
etkilendigi ve temel merkezinden itibaren 1.2B-1.8B mesafelerde deplasman hareketlerinin
olustugu goriilmistir. H/B=1.0 i¢in Ko katsayisimin artmasi ile birlikte deplasman
hareketlerinin yatay yondeki etki mesafesi azalmaktadir.

Cizelge 7 - Farkli Ky degerleri icin elde edilen s/S (%) degerleri

B=3.00m- c,=10 kN/m?
K¢=0.40 K¢=0.70 K¢=1.00

B si/S(%)  si/S%)  si/S (%)
025  98.179 98.325 98.632
0.50  96.054 96.428 96.733
0.75 89.906 90.962 91.859
100 78.080 80.239 82.365
1.50  48.585 52770 58.572
200 23436 28.189 31.876
250  7.643 11.328 14.140
3.00 0226 3.519 5.803
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4.4. Limit Denge Yontemine Dayali Yari-Deneysel Yontemlerle Karsilastirma

Tabakali zeminlerde tasima giicii probleminin ¢6ziimii i¢in pratikte en yaygin kullanilan
tagima giicli teorisi olan zimbalama kesme yontemi, limit denge yontemine dayali yari-
deneysel bir yaklagimdir. Cizim 16’ da gosterildigi gibi zimbalama kesme yonteminde [5-7]
H/B oranimin rolatif olarak kiigiik degerleri igin iistte yer alan saglam tabakada bir zzimbalama
kayma gdgmesi ve devaminda da alttaki zayif tabakada bir genel kayma gdgmesi olusacagi
kabul edilir. Kum blogun diisey kenarlar1 boyunca olusan kayma direnci, altta yer alan
mevcut zayif tabakadan dolay1, kabul edilen gogme diizlemlerinde mobilize igsel siirtiinme
acisindaki azalmay1 da temsil eden zimbalama kesme katsayisi, K¢ kullanilarak gz 6niine
alinmaktadir. K katsayisi, q»/q;” in bir fonksiyonu olup q»/q; ve ¢’ e bagl olarak tanimlanir.
qi ve qy, sirast ile, homojen saglam zemin ve homojen zayif zeminin yiizeyine oturan B
genisligindeki bir temelin nihai tagima giicti degeri iken ¢, {istte yer alan kum tabakasinin
icsel siirtinme agisidir. Kum tabakasi kalmligi H* m temel genisligi B’ den biiyiik olmasi
durumunda gé¢me yiizeyi tamamu ile iistte yer alan saglam tabaka icerisinde olusacaktir. Bu
durum ayni zamanda tabakali durumdaki nihai tasima kapasitesi i¢in bir tist sinirdir.

Hanna ve Meyerhof [6], suya doygun zayif kil (¢,=0) tabakas1 iizerindeki saglam kum zemine
oturan dikdoértgen temellerin nihai tagima kapasitesi igin asagidaki esitlikleri 6nermislerdir.
qu ve q: degerleri karsilastirilarak kiigiik olan deger nihai tasima kapasitesi olarak segilir. qu,
tabakali durumdaki nihai tagima giicii degerini ifade ederken q, iistte yer alan tabakanin nihai
tagima kapasitesidir.

B
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Gergek Gogme Diizlemi

Varsayilan Géeme Diizlemi
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Cizim 16 - Zimbalama Kesme Yontemi [5,13]
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Hanna ve Meyerhof [6] yapmis olduklar1 deneysel calismalara gore kare ya da dairesel
temeller i¢in A, sekil katsayisinin degerinin 1.1 ile 1.27 araliginda degistigini ve muhafazakar

bir tasarim i¢in 1.0’ e esit alinabilecegini belirtmislerdir. Burd and Frydman [8], Hanna ve
Meyerhof [6] tarafindan gelistirilen grafik yontemin, sadece, Hanna ve Meyerhof [6]
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tarafindan kullanilan zemin 6zellikleri, geometrik se¢imler ve deneysel kosullara ait deger
araliklari i¢in uygun oldugunu belirtmistir.

Farkli H/B oranlar1 ve farkli c, degerlerine sahip tabakali zemin profilleri icin plaxis
analizlerinden elde edilen nihai tasima giicii degerleri, (3) no lu esitlikte kullanilarak goz
Oniine alinan her bir durum i¢in K katsayis1 geri hesaplama yolu ile elde edilmistir. Geri
hesaplama islemleri 4 sekil katsayisinin hem 1.1 hemde 1.27 degeri kullanilarak yapilmistir.
Yapilan hesaplamalar sonucunda A=1.27 i¢in elde edilen degerlerin plaxis 3D sonuglarina
daha yakin oldugu goriilmiis olup elde edilen sonuglar Cizelge 8’ de verilmistir. Zimbalama
kesme yonteminde iistte yer alan tabaka kalinligt H” in temel genisligi B* den biiyiik olmasi
durumunda gégme yiizeyinin tamamu ile iistte yer alan saglam tabaka igerisinde olusacagi
kabul edildiginden dolay1 nihai tasima giicti degerleri arasindaki karsilastirma H/B<1.0 i¢in
yapilmustir.

Cizelge 8 - B=3.0 m genislikteki kare temel icin Zimbalama Kesme Yontemi (ZKY) ve
Plaxis 3D’ den elde edilen tasima giicii ve K, degerlerinin karsilagtirilmasi

Cu Qu-Plaxis 3D Qu-ZKY
H/B Ks- axis KS-
(kPa) / (KN/m?) (KN/m?) Plaxis 3D o
0.25 116.738 94.153 3.685
0.50 166.559 139.926 2.650
10 1.923
0.75 225.747 206.827 2.188
1.00 291.779 294.854 1.897
0.25 194.000 160.767 4,901
0.50 265.765 215.705 3.675
20 2.308
0.75 337.534 296.000 2.890
1.00 412.408 401.650 2.400
0.25 326.000 290.779 5.575
0.50 429.750 358.071 4,784
40 2.827
0.75 523.500 456.422 3.765
1.00 602.000 585.830 2.965
0.25 449 847 426.956 5.613
0.50 565.071 518.052 5.111
60 3.827
0.75 678.342 651.192 4.207
1.00 755.000 826.376 3.218

Zimbalama kesme yonteminde K katsayisi, q2/q; ve ¢;” e bagli olarak tanimlanmakta, H/B
orant ve %, katsayisindan bagimsiz olarak, sadece, kil tabakasinin drenajsiz kayma
mukavemeti ve temel boyutu ile degismektedir. Plaxis analiz sonuglar1 kullanilarak yapilan
geri hesaplamalar sonucu elde edilen K katsayisi degerlerinin H/B oranina bagli olarak da
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degisiklik sergiledigi ve bu degisimin dogrusal olmadig1 goriilmiistiir. H/B=0.25 i¢in en
biiyiik degerine sahip olan Ky katsayist H/B oraninin artmasi ile birlikte azalmakta ve
H/B=1.0 i¢in zimbalama kesme yonteminden elde edilen K degeri ile uyumlu hale
gelmektedir. Kil tabakasinin drenajsiz kayma mukavemetinin artmast K katsayisinin
artmasia neden olmaktadir. ¢, ve H/B oraninin artmasi hem kum zeminin mobilize igsel
stirtlinme agisinin artmasina hem de kum blogun diisey yiizeyleri boyunca elde edilen pasif
direng etkisinin biiyiimesine neden oldugundan nihai tasima giicii de artmaktadir.

Cizelge 9 - Farkli boyutlardaki kare temeller igin ¢, = 10 kKN/m? durumunda Zimbalama
Kesme Yontemi (ZKY) ve Plaxis 3D’ den elde edilen tasima giicii ve K degerlerinin

karstlastirilmast
B u-Plaxis 3D qu-ZKY
H/B Ks- axis Ks—
(m) (KN/m?) (KN/m?) Flaxis 3D Y
0.25 116.738 94.153 3.685
0.50 166.559 139.926 2.650
3.0 1.923
0.75 225.747 206.827 2.188
1.00 291.779 294.854 1.897
0.25 127.000 92.741 5.233
0.50 160.111 131.467 3.093
2.0 2.115
0.75 210.876 185.684 2.574
1.00 263.196 255.391 2.204
0.25 150.951 94.151 8.896
0.50 169.880 128.655 4.568
1.0 2.692
0.75 208.000 173.017 3.602
1.00 256.000 227.237 3.183

Cizelge 9’ da verilen tasima giicii degerleri incelendiginde, temel boyutunun artmasi ile
birlikte zzimbalama kesme yontemi ve plaxis 3D’ den elde edilen qu degerleri arasindaki
farkin azaldig1 goriilmektedir. H/B=1.0 i¢in, B=1.0 m genislikteki kare temel harig, qu
degerleri arasindaki fark oldukca az iken B=1.0 m geniglikteki kare temelde fark yaklagik
%12 dir. Temel boyutundan bagimsiz olarak K katsayis1 degerleri H/B orani ile ters orantili
bir degisim sergilemektedir. H/B=1.0 icin her iki yaklasimla elde edilen K, degerlerinin
birbiri ile uyumlu oldugu gozlenmistir. Zimbalama kesme yontemi, géz Oniine alian her bir
kombinasyon i¢in muhafazakar tarafta kalan tasima giicli degerleri iiretmistir.

Limit denge yaklasimina dayali zzimbalama kesme yonteminde K katsayisi, kil tabakasinin
drenajsiz kayma mukavemeti, kumun igsel siirtinme agist ve temel boyutuna bagli olup
deformasyon olusumundan, tabakalarin r6latif mukavemetlerinden ve geometrik kosullarin
gbgme mekanizmasina olan etkisinden bagimsizdir. Plaxis analiz sonuglari kullanilarak
yapilan geri hesaplamalar sonucu elde edilen K, katsayis1 degerleri ise iistteki kum tabakasi
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kalinlig1, kumun sikiligi, kilin kayma mukavemeti, yer alt1 su seviyesi, yiikleme kosullari,
secilen malzeme modelleri, sonlu elemanlar ag1 vb. faktorlerin etkisi altindadir. Bununla
birlikte; zzimbalama kesme yonteminde ¢oziim, kabul edilen basitlestirilmis bir go¢cme
mekanizmasina gore gerceklestirilirken plaxis analzilerinde belirli bir gogme mekanizmasi
bulunmamaktadir. Plaxis analizlerden elde edilen tagima giici degerleri tabakalarin farkli
deformasyon karakterlerinden, rolatif mukavemetlerinden ve problemin geometrik
kosullarindan etkilenmektedir. Bu durum plaxis ve zimbalama kesme yonteminden elde
edilen K degerlerinin birbirinden farkli olmasini agiklamaktadir.

300 500
400
200
= -E 300
z z
= =
= =200
100
—+— Zenbalama Kesme Y ontemi-cu=10 kPa 100
—s— Plaxis 30-cu=10kPa
0 0 1
0.00 025 0.50 075 100 125 0.00 0.25 0.50 0.75 100 125
H/B H/B
700 1000
SO0
800
500
2 < 600
£ 400 z
z =
= =
] 300 = 400
200
—+— Zmbalama Kesme Yomterni-cu=40 kPa 200 —e— Zenbalama Kesme Yootemi-cu=60 kPa
100
—=— Plaxis 3D-u=40 kPa —w— Plaxis 30-cum60 kP4
o o
0.00 025 0.50 0.75 1.00 125 0.00 0.25 0.50 0.75 100 125
HB HB

Cizim 17 - B=3.0 m genislikteki kare temel icin q, degerlerinin karsilastiriimasi

Cizim 17’ de B=3.0 m genisligindeki kare temelde H/B=0.25, 0.50, 0.75 ve 1.00 oranlarinda
farkli c, degerleri i¢in zimbalama kesme yontemi kullanilarak elde edilen q, degerlerinin
plaxis analizlerinden elde edilen q, degerleri ile karsilastirmast gosterilmektedir. G6z 6niine
alinan her bir ¢, degeri icin H/B=0.25, 0.50 ve 0.75 durumlarinda q, degerleri arasindaki fark
%10-20 araliginda iken H/B=1.00 i¢in her iki yontemden elde edilen sonuglarin birbirine
oldukga yakin oldugu goriilmektedir. ¢,=60 kPa igin biitiin H/B oranlarinda elde edilen hata
degerleri %10’ dan kiigiiktiir.

Cizim 18’ ten goriildiigii gibi temel boyutu ve H/B oranindaki artis sonucu, elde edilen qy
degerleri arasindaki fark azalmaktadir. B=3.0 m genislikteki kare temelde H/B=0.25 igin qy
degerleri arasindaki fark %24 iken H/B=0.50 ve 0.75 i¢in, sirasi ile, %19 ve %9 dur. B=2.0
m genislikteki kare temelde qu degerleri arasindaki fark H/B=0.25, 0.50 ve 0.75 ig¢in, siras1
ile, %37, %22 ve %14 olarak elde edilmistir. B=1.0 m genislikteki kare temelde ise qu
degerleri arasindaki fark, sirasi ile, %60, %32 ve %20 dir. Temel boyutundan bagimsiz
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olarak, H/B oranmi ile q, arasindaki degisim her iki yontem icin de benzer davranisi
sergilemektedir.

300 300 300

200 | 200 - £200
// g 200 200
z z
= =
=100 4 —+— Zimbalama Kesme < 100 =100 -

—e+— Zmbalama Kesme & —+— Zmmbalama Kesme
Yontemi-B=1.0m YontemiB=20m Y ontemi-B=3.0 m
—»— Plaxis 3D-B=1.0m

(KN/m?)

q

Plaxis 3D-B=2.0 m —s— Plaxis 3D-B=3.0m
T T

0 T T T T T T
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0 T T T T
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Cizim 18 - Farkli boyutlardaki kare temeller igin ¢, = 10 kN/m? durumunda Zimbalama
Kesme Yontemi ve Plaxis 3D’ den elde edilen tasima giicii degerlerinin karsilastiriimasi

5. SONUCLAR

Bu calismada; temel boyutunun, kum zeminin baslangic gerilme durumu ve gerilme
geemisinin, lstte yer alan kum tabakasi kalinlig1 ve altta yer alan kil tabakasinin drenajsiz
kayma mukavemetinin tabakali zeminlerdeki kare temellerin tasima kapasitesi ve oturma
davranislar1 iizerindeki etkilerini aragtirmak igin bir seri {i¢ boyutlu sonlu elemanlar analizi
gergeklestirilmistir. Sonlu eleman analizleri sonucu bulunan tasima giici degerleri
zimbalama kesme yontemi ile hesaplanan tagima giicii degerleri ile karsilastirilmis ve bunun
yanit sira K katsayisi degerlerinin H/B oranina ve A5’ e bagli degisimi arastirilmistir. Caligma
sonucunda elde edilen baslica sonuglar asagida 6zetlenmistir.

Limit denge yontemine dayali teorik tagima giici yontemlerinde yapilan kabuliin aksine
tabakali durumun hem alttaki kil tabakasinin drenajsiz kayma mukavemeti hem de {istte yer
alan kum tabakasmin kalinligina bagli olarak H/B>1.0 durumunda da gecerli oldugu
goriilmektedir. Kil tabakasinin drenajsiz kayma mukavemetindeki artis tasima giicii degerini
artirirken ¢,” nun artmasi ile birlikte daha kiiciik iist tabaka kalinliklarinda homojen kum
zemin durumundaki tagima giictine ulasilmaktadir.

Yik-oturma egrisi, istte yer alan kum tabakasi kalmliginin artmasi ile daha kiigiik c,/yB
degerlerinde dogrusal elastik davranisa yakinsamustir.

B=3.0 m genislikteki kare temelde c¢,=10 kPa i¢in Durum 1 ve Durum 2 kosullarinda yapilan
analizlerin sonuglari karsilastirildiginda, ayni tabakali zemin kosullarinda temele uygulanan
yik arttirnldiginda oturma ve tasima giiciindeki artis oranlarinin birbirinden bagimsiz
gerceklestigi goriilmiistiir. Oturma degerinde daha biiyiik oranda artis olusurken, tagima
giiciinde ayn1 oranda artiglar goriilmemektedir. H/B=0.50 i¢in Durum 2’ de oturma degeri
%100 artmis olmasina karsin tasima giicli degerindeki artis Durum 1° e gére %16 olmustur.
H/B=1.0 i¢in Durum 2’ de s/B=0.14 degerinde zeminde go¢me meydana gelmistir. Gogmeye
neden olan boyutsuz tagima giicii degeri q/yB=6.889 dir. Durum 1’ e gore oturma degerinde
meydana gelen %40’ lik artisa karsilik tasima giicii degerinde %11 oraninda artig olusmustur.
H/B=2.50 i¢in Durum 2’ de oturma degerindeki %100’ lik artisa karsilik tagima giicii
degerinde Durum 1’ e gore %58 oraninda artis meydana gelmistir.
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Ko katsayisinin degerinin artmasi ile tagima giiciiniin arttig1 goriilmektedir. H/B>1.0 igin Ko
katsayisinin artmasi ile birlikte deplasman hareketlerinin yatay yondeki etki mesafesi de
azalmaktadir.

Zayif kil tabakasi bulunan problemli zemin kosullarinda iistte olusturulacak kontrollii bir
dolgu tabakasi ile zemin iyilestirilmek istendiginde, dolgu tabakasmin kalinligi B>1.0 m
genislikteki temeller i¢in H/B orant minimum 0.50 olacak sekilde secilmelidir. B=1.0 m
oldugu durumda bu oran minimum 0.75 olmalidir.

K katsayist degerlerinin H/B oranina bagli olarak da degisiklik sergiledigi ve bu degisimin
dogrusal olmadig1 goriilmiistiir. Temel boyutundan bagimsiz olarak K katsayisi degerleri
H/B oranu ile ters orantili bir degisim sergilemektedir.

Tabakali zemin davranigi, artan temel boyutu ile birlikte daha kii¢iik H/B oranlarinda
kaybolmustur.

Her bir temel boyutu i¢in tasima giiciindeki en biiyiik artis miktar1 H/B’ nin 1.00 ile 1.50
degerleri arasinda elde edilmistir. H/B>1.50 i¢in tabakalanma etkisinin goériilmedigi H/B
oranina kadar tasima kapasitesindeki artig oranlar1 azalmaktadir.
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Farkh Oturmalar Nedeniyle Egik Konuma Gelmis
Binanin Jet-Grout Yontemiyle Dogrultulup
Desteklenmesi

Sadik KOSEOGLU!

oz
Antalya-Konyaalt1 ilgesindeki 7 kathi bir bina, ¢ok farkli kalinliktaki zayif zemin
tabakalarmin farkli oturmalar1 nedeniyle, kaba insaatin tamamlanmasindan sonra radye

temelin agisal egikligi tan oc = 1/107 degerine ulagsmus ve ilgili Belediye tarafindan ingaat
durdurulmustur.

Sozkonusu bina ile ilgili “IMO Antalya Subesi Bilirkisi”sinin, sonradan yapilan zemin
incelemesine ve bina iizerinde yaptiklar1 incelemelere dayanilarak diizenledikleri raporda,
binanin dogrultulup desteklenerek kazanilabilecegi 6nerisinde bulunulmustur.

Bina, yazarin damismanligi altinda BST Miihendislik Firmas: tarafindan Jet Grout yontemi
kullanilarak 6zel bir teknikle dogrultulup desteklendikten sonra, YTU-Geoteknik Dal
Yetkilileri tarafindan yapilan yiikleme deneyleriyle, dogrultmanin ve desteklemenin bagarili
ve giivenli oldugunu kanitlamislardir. Binanin oturma ve deformasyonlar belirli bir siire
izlenmis ve oturmalarin durdugu anlasildiktan sonra, binaya iskan raporu verilmistir.

Anahtar Kelimeler: Jet grout yontemi, bina dogrultulmasi, bina desteklenmesi, egik binanin
dogrultulmast.

ABSTRACT
An Application of the Jet-Grout Rectification Technique for a Tilted Building

For a 7-storey residential building in the Konyaalti county of Antalya province, as a result of
the differing settlements of weak soil layers of different thicknesses, it was found at the
completion stage of the main structural framework that the angle of tilt of the mat foundation
had reached a value given by tan oo = 1/ 107, as a result of which the construction was halted
by the Municipality.

Not: Bu yazi
- Yaym Kurulu’na 23 Mart 2023 giinii ulagmistir. 13 Ekim 2023 giinii yayimlanmak {izere kabul
edilmistir.
- 31 Mayis 2024 giiniine kadar tartigmaya agiktir.

o hitps://doi.org/10.18400/tjce. 1269866

1 BST Miihendislik Proje Insaat Taahhiit Yatcilik Tic. Ltd. Sti., Antalya, Tiirkiye
koseoglusa@gmail.com - https://orcid.org/0009-0009-0606-3866



Farkli Oturmalar Nedeniyle Egik Konuma Gelmis Binanin Jet-Grout ... Teknik Not

A Technical Report based on soil investigations and structural evaluations by an Expert
Witness from the Antalya Chamber of Civil Engineers suggested that rectifying the tilt and
supporting the building might be feasible.

The building was strengthened and rectified using a special application of the Jet Grout
technique by the BST Engineering Firm, with the author as Project Consultant. Loading tests
were conducted by the Geotechnical Division of Yildiz Technical University, and the safety
of the building after completion of the procedure was established. After a period of
observations wherein no foundation movements were found, the Municipality issued its
Certificate of Occupancy for the building.

Keywords: Jet grout technique, straightening of buildings, stiffening of buildings,
rectification of tilted building.

1. GIRiS

Antalya - Konyaalt1 ilgesindeki 7 katli bir binanin temeli altindaki oturma farklarindan dolay1
binada olusan egiklik, insaat siiresince artarak gozii rahatsiz eder duruma gelmistir. insaat
ruhsat1 vermeye yetkili kurum (Konyaalt: Belediyesi imar Miidiirliigii), bu durumu gerekce
gostererek insaatt durdurmus ve IMO Antalya Subesine basvurarak, binanin olusturulacak
bir bilirkisi heyeti tarafindan incelenerek, sonucun bir raporla kendilerine bildirilmesini
istemistir. Bilirkisi heyeti adina “Temel Insaat1 Uzman1 Yazar” tarafindan diizenlenen rapor
heyet tarafindan onaylanarak yetkili kuruma sunulmustur.

2. MAKALENIN AMACI

Makale, farkli kalinlikta zay1f zemin tabakalari {izerine oturan binalarin insaati sirasinda veya
daha sonrasinda, ortaya ¢ikan farkli oturmalardan kaynaklanan egikligin giderilmesi veya
izin verilen egiklik sinirinin altina c¢ekilmesi icin, bina dogrultulmas: konusunda yeni bir
yontem olan “Jet Grout Yontemi” nin kullanilmasini 6ngéren bir uygulamayi ayrintili bir
bicimde agiklamayr amaglamaktadir. Buna benzer kosullara sahip egik binalarin
dogrultulmasi ve desteklenmesi i¢in yol gosterici bir 6zellige sahip olan bu uygulamanin,
pratikte calisan Insaat Miihendisleri ve Temel Ingaat1 firmalar icin iyi bir rehber olacag:
kanisindayim.

3. BINA VE TEMEL ZEMININE ILISKiN SAPTAMALAR

Isin basinda zemin incelemesi yapilmadan insaat ruhsat1 verilen ve insaata baslanan bu bina
icin, kaba insaatin tamamlanma asamasinda gozle fark edilir duruma gelen egiklikten dolayz,
isin Fenni Mesulii’ niin istegiyle sonradan bina temeli disinda zemin incelemesi yapilmustir.

Bina ile ilgili statik ve betonarme projeler ve sonradan yapilan zemin incelemesi temel
aliarak, IMO Antalya Subesi Bilirkisi Heyeti tarafindan bina {izerinde yapilan inceleme ve
6l¢iimler sonucunda dzetle agagidaki bulgular saptanmigtir:

1) Kaba ingaati tamamlanan bina, bodrum, zemin, 4 normal ve cat1 kat1 olmak {izere 7
kattan olusmaktadir (bkz. Sekil 1),
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Kose Ad1 | Kose Yonii | Zayif Tabaka Kalmhigi | Goreceli Oturma
A GB 55m 18 cm
B GD 3,5m 0
C KB 11,5m 24 cm
D KD 55m 18 cm

Kose yonlerinde; G : Giiney, B : Bati, D : Dogu, K : Kuzey yonii tanimlar.

Sekil 1 - Antalya-Konyaalti ilgesinde kaba insaati tamamlanma agsamasinda olan 7
katlr konut binasimin genel gériiniigii (Fotografta binanin en az oturma olugan tarafi
sag on kosesi (B késesi) ve en ¢ok oturma olusan tarafi sol arka kosesi (C kogesi)
olarak belirlenmigtir).

Binanin betonarme karkas insaati tamamlanmis, duvarlar oriilmiis, i¢ ve dis sivalari
tamamlanmis, kapt ve pencere kor kasalart takilmig ve doseme kaplamalari biiyiik
6l¢iide tamamlanmustir. Binanin, temel tabanina etkiyen {iniform taban basinci, bir bina
katinin yiikii (Tesviye betonu kalinliklarinin imal edildikleri andaki egiklikten dolay1
gereginden fazla yapildig1 dikkate alarak) 13,0 kN/m? alinmistir. Buna gére kirigli
radye temel yiikiiniin bir normal katin yiikiine ve ¢at1 kat1 yiikiiniin yaklasik normal kat
yiikiiniin yarisina esit oldugu varsayilirsa, agagidaki gibi hesaplanabilir :

0= 13,0 x (7,5) = 97,5 kN/m? (1)
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3)

4)

5)

6)

7)

8)

160

Goriildiigi gibi bu taban basinci, kaya (traverten) tabakasi lizerindeki ¢ok zayif zemin
tabakalari lizerine etkimektedir ve zemin emniyet gerilmesinin ¢ok tizerindedir.

Binanim zemin kat dosemesi tizerinde kot okumalar1 yapilmis ve en az oturma yapan
giiney-dogu (B) kosesi baz alindiginda (Bu kosedeki oturma sifir kabul edildiginde),
binanin giiney-bat1 (A) ve kuzey-dogu (D) koselerinin 18 cm ve kuzey-batt (C)
kdsesinin 24 cm goreceli oturma yaptigi belirlenmistr (bkz. Sekil 2),

Oturma farklari, temel tabaninda her iki dogrultuda farkli lgiide olmak iizere, {ist yap1
ile birlikte rijit bir donmeye neden olmustur. Buna gore bina temelinde olusan en biiyiik
donme, en az oturma yapan giiney-dogu (B) kdsesi ile en ¢ok oturma yapan kuzey-bati
(C) kosesi arasinda olugmustur,

B ve C koseleri arasindaki maksimum donme (egiklik) :
tan & = spax/lgc=24/2571 ecm = 1/107 > 1/300 2)

olarak elde edilmistir (Burada lgc; temelin giiney-dogu kosesi ile kuzey-bat1 kosesi
arasindaki diyagonal uzaklik olup, lsc= /(21,602 + 13,952) = 25,71 m dir).

Fakat temelin iist yapi ile birlikte 1/107 oranindaki rijit agisal ddnmesi sonucu, yapinin
tagiyici sisteminde ve dolgu duvarlarda higbir ¢atlak ve asirt zorlanma belirtisine
rastlanmamustir. Bununla birlikte Polshin/Tokar (1957) ve Skempton/Mc Donald
(1956)’ ya gore bacalar silolar gibi ¢ok fazla rijit yapilarda, en biiytik egiklik olarak tan
a=0,004 = 1/250 degerine izin verilmektedir. S6zkonusu binanin tastyici sistemi gok
rijit olmadigindan, izin verilen egiklik sinirmin 1/300 olarak alinmasi uygun olur. Bu
egiklik smirimin, Bjerrum (1973)’ un onerdigi agisal donmeler igin hasar sinirlar
kriterleri’ ne de uygun diistiglini belirtelim. Buna gore bina temelinde bir dogrultma
islemi yapilmasi gerektigi agiktir (bkz. S. Koseoglu —Temeller II, Boliim 3, Sekil 3.9).

Binanin onayl statik projesinde temel sistemi, kirigli radye olarak diizenlenmis ve
taban giivenlik basinct g,;,=120 kN/m? alnmustir. Kirisli radye, 40 cm plak kalinhg
ve 50/80 cm ile 60/80 cm kesit boyutlari olan kirislerden olusturulmustur. Kirigli radye
plan1 ve kirislerin aks araliklari Sekil 2 ‘de gosterilmistir.

Binanin Betonarme tasiyici sisteminde kullanilan malzemeler C14 (B160) ve S220
(BCI) oldugu belirlenmistir. Bu malzemelerin, insaat ruhsatinin onaylandig: tarihte
gecerli olan TS 500 (1984) Standardina ve 1975 tarihli “Tiirkiye Bina Deprem
Yonetmeligi’ne uygun oldugu saptanmistir (Giiniimiizde gegerli olan “TBDY:2018 -
Deprem Yo6netmeligi”’nde minimum Beton ve Celik malzeme kaliteleri C25 ve S420C°
ye yiikseltilmistir). Ayrica konut binasi betonarme tasryici sisteminin beton kalitesini
belgelendirmek amaciyla, IMO Antalya Subesi beton laboratuvari tarafindan tastyici
sistemin degisik bolgelerinden alman 11 adet 93 mm c¢apli karot beton ornekleri
iizerinde tek eksenli basing deneyleri yapilmis ve ortalama beton basing dayanimi 21,67
N/mm? olarak elde edilmistir. Goriildiigii gibi, beton dayanimi C14 beton smifinin
epeyce lizerinde elde edilmistir.

Sonradan yapilan zemin incelemesinde, bina temelinin disinda 5 adet sondaj deligi
acilmig istte bulunan zayif zemin tabakalart igin SPT deneyleri ve alttaki traverten
kayasi i¢cin RQD ve laboratuvarda eksenel basing dayanimlart belirlenmigtir. 15 m
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derinliginde agilmig 5 adet sondaj kuyusundan 4 adedi bina temeli kdselerinin hemen
disinda ve 1 adedi CD temel kenar1 ortasinin hemen disinda agilmigtir (bkz. Sekil 2).

Zemin incelemesi, yazarin Geoteknik Uzmani olarak devreye girdigi tarihten ¢ok dnce
yapildigindan, ayrintili bir zemin incelemesi ve gerekli zemin parametrelerinin elde
edilmesine yonelik zemin deneylerinin yaptirilmast miimkiin olamamustir.

Sekil 2’ de, zemin incelemesinde agilan 5 sondaj kuyusundaki degisik zeminlerin
tabaka kalinliklar1 ve derinlikleri gosterilmistir. Buna gore iistteki zayif zemin
tabakalar altindaki traverten (orta sertlikte kaya) tabakasinin temel tabanindan itibaren
derinlikleri asagidaki gibi belirlenmistir :

Radye temelin giiney-dogu kosesi dolayinda (SK1 sondaj kuyusu igin) : 3,5 m,
Radye temelin kuzey-dogu kosesi dolayinda (SK2 sondaj kuyusu igin) : 5,5 m,
Radye temelin kuzey-bat1 kdsesi dolaymda (SK3 sondaj kuyusu igin) : 11,5 m,
Radye temelin giliney-bati kosesi dolayinda (SK4 sondaj kuyusu i¢in) : 5,5 m,
Radye temelin arka kenar ortasi dolayinda (SK5 sondaj kuyusu i¢in) : ~ 5,8m.
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Sekil 2 - Oturma farklar: nedeniyle egik konuma gelmis konut binasinin temel plani ve
zemin incelemesine iliskin sondaj yerleri, zemin tabakalarmmn tiirleri ve kalinliklar:
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Traverten tabakasi iizerindeki zayif zemin tabakasinin zemin tiirleri ve derinlikleri Sekil 2’
de gosterilmistir. Ayrica zayif zemin tiirlerinin her bir sondaj kuyusundaki toplam kalinligi,
yukarida verilen traverten tabakasi derinliklerine esit olacagi agiktir.

5 Adet sondaj kuyusunda yapilan SPT deneyleri sonucunda, 30 cm giris i¢gin ortalama vurus
sayilar ; Kil icin N3o = 3, Turba igin N3 = 1 ve Ince Kum i¢in N3, = 7 olarak elde edilmistir.
Bu sonuglara gore, zayif zemin tabakalarinin higbir tasima yetenegi olmadig1 varsayilabilir.
Zemin incelemesine gore, yeralti suyu yoktur ve zeminde sivilagma riski bulunmamaktadir.

Ayrica zemin incelemesi sirasinda traverten tabakasinin RQD degeri % 30 olarak belirlenmis
ve alinan 3 adet Traverten karot ornekleri iizerinde yapilan tek eksenli basing deneyi
sonucunda asagidaki dayanim degerleri elde edilmistir :

SK1 Sondaj kuyusunun 5,0 m derinliginden alinan karot rnek igin : 9,91 MN/m?,
SK2 Sondaj kuyusunun 7,0 m derinliginden alinan karot rnek igin : 7,85 MN/m?,
SK5 Sondaj kuyusunun 7,0 m derinliginden alinan karot érnek igin :10,74 MN/m?.
Buna gore, traverten tabakasinin orta sertlikte kaya 6zelliklerine sahip oldugu goriilmektedir.

Binadaki oturmalarin zayif zemin tabakalarinin toplam kalinlig1 ile orantili olacag: agiktir.
Buna gore, 24 cm’ lik en bilyiik goreceli oturmanin 11,5 m toplam zayif zemin tabakasina
sahip kuzey-bat1 (C) kosesinde, 18 cm’ lik ikinci biiyiik goéreceli oturmalarin 5,5 m
kalinliginda toplam zayif zemin tabakalarina sahip kuzey-dogu (D) ve giiney-bati (A)
koselerinde ve en kiigiik oturmanin giiney- dogu (B) kdsesinde olusacagi sdylenebilir.

4. EGiK BINANIN DOGRULTULARAK DESTEKLENMESI iCiN ONERILER

Bina temel zemini ile ilgili yukarida belirtilen bulgularin ve degerlendirmelerin 15181 altinda,
binanin rehabilitasyonu igin bilirkisi heyeti tarafindan asagidaki oneriler yapilmistir :

1) Bina temeli altindaki zayif zemin tabakalari, bina tastyici sistemi ve zemin 6zellikleri
gbzoniinde tutularak belirlenecek uygun bir yontemle ve bu konuda uzmanlasmig bir
firma tarafindan uygulanacak bir dogrultma ve destekleme yontemiyle, ¢ok titiz bir
calisma sonucu binanin kullanilabilir duruma getirilmesi olanakli goriilmektedir.

2)  Mal sahibinin istegiyle, yazarin Teknik Danigmanlhigimi yaptigi BST Miihendislik
Firmasinca diizenlenerek Konyaalt1 Belediyesi’ne sunulan, binanin jet grout teknigiyle
dogrultulmasi ve jet grout kolonlari ile bina yiiklerinin alttaki saglam temel zemini
tabakasina aktarilmasi projesi, binada ek zorlamalar olugturmayacak bigimde titizlikle
uygulandigi ve tarafsiz bir kurulus tarafindan tasima giicli i¢in gerekli yiikleme
deneyleri yapilip, olumlu sonuglar elde edildigi taktirde, uygulamanin basarili olacagi
konusunda bilirkisi heyetinde genel bir kanaat olusmustur.

3) Binanin desteklenmesi nasil yapilirsa yapilsin, sozkonusu uygulama tamamlandiktan
sonra, oturma ve oturma farklar1 insaat bitimine kadar (en az 3 ay siireyle) izlenmeli ve
oturmalarin tamamen durduguna kanaat geldikten sonra iskan izni verilmelidir.

162



Sadik KOSEOGLU

5. EGIK BINANIN DOGRULTULMASI VE ALTTAN DESTEKLENMESI
YONTEMININ BELIRLENMESi VE UYGULANMASI

5.1. Genel Bilgiler

Antalya-Konyaalt1 ilgesi Atatiirk Bulvarinda insa edilen 7 katli konut binasi kaba ingaatinin
tamamlanmasi asamasinda, temel altindaki farkli oturmalardan kaynaklanan egiklik
nedeniyle, Konyaalti Belediyesi tarafindan 24.04.1999 tarihinde insaat durdurularak
miihiirlenmistir. Bu arada mal sahibinin gorevlendirdigi BST Miihendislik Firmas1 Belediye
Imar Midiirliigine, IMO Antalya Subesi bilirkisi raporu dogrultusunda ve temel
miihendisligi uzmani olarak yazarin goriis ve onerilerini de dikkate alarak, s6zkonusu binanin
dogrultulmasi ve bina yiiklerinin saglam zemine aktarilmast ile ilgili bir proje sunmustur.
Konyaalt1 Belediyesi, IMO Antalya Subesi Bilirkisi Raporundaki ve Akdeniz Universitesi-
Miihendislik Fakiiltesi dgretim {iyelerinin IMO Antalya Subesi Bilirkisi Raporu’ndakilere
paralel goriis ve Onerilerine dayanarak, konuyu Belediye Enclimeni giindemine tagimustir.
Konyaalt: Belediyesi Enciimeni tarafindan, IMO Antalya Subesi Bilirkisisinin goriis ve
oOnerileri dogrultusunda, egik binanin dogrultulmasi ve bina yiiklerinin jet grout kolonlar1 ile
saglam zemine aktarilmasi projesinin kontrollii olarak uygulanmasina ve bu konuda uzman
tarafsiz bir kurulusun ve Belediye teknik elemanlarinin denetiminde yapilacak yiikleme
deneyleri sonuglarimin ilgili tarafsiz kurulus tarafindan diizenlenecek olumlu bir raporun
Belediye Imar Miidiirliigiine verilmesi kosuluyla, bina rehabilitasyon calismalarina izin
verildigi belirtilmistir.

5.2. Egik Binanin Dogrultulmasi1 Calismalari

BST Miihendislik firmasinin teknik danigmani olarak Temel Insaati Uzmani Yazar ve firma
yetkilileri, firmanin ekipman olanaklarmi da gozoniine alarak yapilan degerlendirmeler
sonucunda, egik binanin dogrultulmasi ve bina yiiklerinin saglam zemine aktarilmasi
konusunda agagidaki yontem ve asamalar: kararlastirmislardir :

1)  Egik binanin dogrultulmasi, temel altinda az oturan zayif zemin bdlgelerine jet grout
ekipmani ile kontrollu bir bigimde yiiksek basingla su piiskiirtiilerek zeminin disari
atilmasiyla, hacminin kiigiiltiiliip temel oturmasinin saglanmasi,

2) Binanin 1/107 olan egikligi, dogrultma caligmalari ile 1/300 olan giivenli sinir altina
¢ekildikten sonra, bina yiikiiniin yeterli sayida diizenlenecek jet grout kolonlart ile
saglam zemine aktarilmasi ¢aligmalarina baglanmasi uygun goriilmiistiir,

3) Bina dogrultma uygulamasinda, o asamaya kadar olusan ger¢ek oturma farklart ve
destekleme uygulamasinda toplam bina yiikiiniin yeterli sayida jet-grout kolonu ile
dogrudan traverten (kaya) tabakasina aktarilmasi esas alinmustir.

Diinya Literatiirindeki bina dogrultma yontemlerinin hemen hemen tlimii, binanin fazla
oturma yapan bdlgesinden binayr ¢ok sayida hidrolik preslerle kaldirma prensibine
dayanmaktadir. Bu yontemde dogrultmanin saglikli ve basarili olmasi i¢in, yap1 sisteminin
ve temelin rijit ve taban alaninin olduk¢a kiiciik olmasi gerekir. Dogrultulmas: istenen
binanin taban boyutlar1 oldukc¢a biiyiik (bx=21.60 m ve by, =13,95 m) olan bir binadir. Bu
binanin fazla oturan bdlgelerinin hidrolik preslerle yalnizca temel kenarlarindan (Temel
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tabani altina girilemeyecegine gore) kaldirilmasi sirasinda, temel plaginda ve st yapi
sisteminde agir1 zorlanmalar ve hasarlar olusmas1 kaginilmazdir.

Bdyle bir binanin yapisal 6zelliklerine ve temel zemini kosullarina en uygun dogrultma
yonteminin, az oturan bina bdolgelerinin kontrollii olarak oturma yaptirilmasi ile binanin
dogrultulmast olduguna karar verilmistir. Binanin az oturma yapan bodlgesinden zeminin
kazilarak ¢ikartilmast ile gerceklestirilen bir dogrultma yontemi, Zou (1996) [50] tarafindan
Cin ‘de denenmis olmasina karsm, jet grout yontemiyle su piiskiirtiilerek dogrultulma
yontemi, bildigimiz kadariyla Literatiirde ilk kez uygulanmistir. Bu yontemle yapilacak bir
bina dogrultulmasmin uygun olacagi diisiincesine bizi yonlendiren ii¢ nedenden birincisi,
binanin oldukga rijit olan bir kirigli radye temele oturmasi, ikincisi 24 cm’lik maksimum
oturma farkinda bile tasiyict sistemde ve dolgu duvarlarda higbir catlak ve asir1 zorlanma
olugmamasi ve {iglinciisii ise oturma farklarinin saglam traverten tabakasi ile temel tabani
arasindaki zay1f zemin tabakalarinin toplam kalinliginin ¢ok farkli (saglam traverten tabakasi
iist ylizeyinin ¢ok egimli) olmasindan kaynaklandiginin kusku duyulmaz bir bicimde
belirlenmis olmasidir.

Simdi esas konu, az oturma yapan bolgelerde bulunan zayif zemin tabakalarmin nasil
oturtulacagidir. Bu amagla gelistirilen ¢6ziim, temel plaginda agilan 60 mm ¢apindaki
deliklerden 42 mm ¢apinda olan jet grout tijinin zayif zemin i¢ine sokularak, memelerden
300 ila 350 bar basingla zemine su piiskiirtiilmesidir. Yiiksek basingli su jeti sirasinda, zemin
tiimiiyle orselenerek ince daneler radye temelde agilan @60 mm ¢apindaki deliklerden su ile
birlikte disar1 atilmaktadir. Bu zayif zemin tabakalarini oturtulmasina yardimer olan 6teki bir
onlem, bu bolgelerdeki zemin kat dosemesi iizerine, gerekli 6nlemler alinarak, uygun dlciide
agirlik (safra) konulmasidir.

Jet grout kolonlarmin imalinde 42 mm capinda jet grout tiji kullanilmistir. Bu Jet grout tijinin
ucunda 2 adet 2 mm capinda piiskiirtme memesi bulunmaktadir. Zeminin drselenmesi ve ince
danelerin temel plaginda agilmis @60 mm’lik deliklerden disar1 atilmasi igin, zayif zemin
tabakalarmi derinligi boyunca yiiksek basingla su jeti puskiirtiilmistiir. Burada énemli olan
nokta, su jeti ve doseme lizerindeki agirlikla temelin oturmasi saglanirken, temelin diizlemsel
olarak oturmasi ve temelde 6nemli 6lgiide kasint1 ve deformasyon olusmamasidir. Bu amagla
elimizde ii¢ olanak bulunmaktadir: Birincisi zemine piiskiirtiilecek su jetinin fazla oturma
yaptirilacak bdlgelerde daha ¢ok sayida ve az oturma yaptirilacak bolgelerde daha az sayida
uygulanmasi, ikincisi tijin fazla oturma yaptirilacak bdlgelerde daha uzun siireli (tijin gok
sayida batirilip ¢ekilmesiyle) ve az oturma yaptirilacak bolgelerde daha kisa siireli
uygulanmasidir. Ugiincii olanak ise, islem sirasinda temel plag: iizerinde sik sik oturma
kontrollerinin yapilmasidir. Bu belirlemelerin 15181 altinda, jet grout yontemiyle yiiksek
basingli su piiskiirtiilerek zemine oturma yaptirilmasinda asagidaki gibi hareket edilmistir:

Jet grout yontemiyle su piiskiirtmeye baglamadan 6nce, fazla oturma yapan C kdsesine komsu
temel plagi kenarlarmin fazla oturan bolgeleri, caligmalar sirasinda daha fazla oturmamasi
i¢in, 2 sira jet grout kolonu ile oturma yapamayacak sekilde askiya alinarak desteklenmistir.
Daha sonra, iist yapidan gelen kolon yiiklerinin yogunluguna uygun olarak agilan deliklerden
zemine sokulan jet grout tiji ile, B kdsesinden C kosesine dogru dalgalar halinde pek ¢ok kez
tekrar edilerek, kademe kademe yiiksek basingli su piiskiirtiilmiistiir. Yukarida da belirtildigi
gibi, su piiskiirtme islemi, fazla oturma yaptirilmasi gereken bolgelerde, jet grout tijinin
zemine ¢ok sayida uygulanmasi ve ¢ok sayida sokulup c¢ekilmesi ile gergeklestirilmistir. Bu
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islemlerin her asamasinda, oturmalar temel plag tizerindeki kot okumalari ile sik sik kontrol
edilerek jet grout yontemiyle su piiskiirtme islemi buna goére yonlendirilmistir.

Egik binalarin dogrultulmasi sirasinda, gozden kagirilmamasi gereken ¢cok dnemli bir nokta
daha vardir. Cok egimli kaya iist ylizeyi iizerinde ¢ok fazla sikigabilen zayif zemin
tabakalarinin bulundugu temel zeminine oturan binalarda, oturma ve oturma farklari temel
plagi dokiiliir dokiilmez baslamakta ve her yeni imalat yiikiiniin eklenmesiyle artmaya devam
etmektedir. Bu binada asansor boslugu iskeletinin imal edildigi asamada, 7 cm’lik bir oturma
farki bulundugu 6lgmeler sonucunda belirlenmistir. Kat dégsemelerinin tesviye betonlart ve
asansor raylar1 bu egiklige gore diizenlendigi i¢in, bina temeli oturma farki sifir olacak
sekilde dogrultulursa, asansor raylarinda ters tarafa dogru 7 cm’lik bir egiklik olusacak ve bu
egiklikten dolay1 asansor normal ¢alisgamaz duruma gelecektir. Bu dedenle temelin B ve C
koseleri arasindaki oturma farki sifir oldugunda degil, (24 — 17) = 7 cm oldugunda dogrultma
islemine son verilmistir. Bu durumda agisal egiklik :

tan «« =7 cm /2571 em = 0,0027 = 1/367 < 1/300 3)
oldugundan, dogrultma iglemi sonucu egiklik, izin verilen sinirin altina diistirilmustiir.

Temel plag: lizerinde yapilan kot okumalari ile, dogrultmanin hedeflenen diizeye geldigi
anlasildiktan sonra, i¢ine su piiskiirtiilen zayif zemin tabakalarimin kurumasi igin ¢alismalara
birkag¢ giin ara verilmesinde yarar vardir.

5.3. BinaTemelinin Saglam Zemine Kadar Jet Grout Kolonlari ile Desteklenmesi

Simdi su jeti i¢in agilan deliklerden, saglam temel zemini (traverten) tabakasina kadar uzanan
jet grout kolonlart ile bina yiikiiniin saglam zemine aktarilmasi gerekmektedir (bkz. Sekil 3).

Binanin kat tabliyesi ylikii (BA karkas + Dolgu duvarlar + Doseme kaplamasi + siva agirlig
ve hareketli yiik dahil) 13,0 kN/m? alinirsa, toplam bina yiikii asagidaki gibi hesaplanir :

Pup= 13,0 x 7,5 x (21,60 x 13,95) =29 379 kN = 29,379 MN 4)

Bu yiikiin saglam temel zeminine (traverten tabakasina) aktarilabilmesi i¢in, 83 adet diisey
jet grout kolonu imal edilmistir. Toplam yiikiin jet grout kolonlarina esit dagilmayabilecegi
g6z0niine aliarak, en biiyiik jet grout kolonu yiikii % 10 artirilarak : 1,10 x 29 379/83~= 400
kN olarak belirlenmistir. Traverten tabakasi ile radye tabani arasindaki zayif zemin
tabakalarinin higbir yiik tagimadig1 varsayilmustir. Jet grout kolonlarinin ¢ap1 zemin tiiriine
gore 60 cm ile 90 cm arasinda, uzunluklari ise 4 m ile 14 m arasinda gerceklestirilmistir.
Zemin incelemesinde traverten tabakasinin en derin noktasit C kdsesinde 11,5 m derinlikte
gosterilmistir. Imalat sirasinda 14 m uzunlugunda jet grout kolonunun gergeklesmis olmast,
traverten st ylizeyinin diizlemsel olmadigi, yer yer ¢ukurluklar bulundugu anlamina
gelmektedir.

Bina temeli altindaki jet grout kolonlar1 imalatina baglamadan 6nce, bina digindaki arazide
deneme amacli jet grout kolonlar1 imal edilmis ve basarili sonuglar elde edilmistir. Jet grout
kolonlarinin imali i¢in, 2 mm ¢apinda 2 adet piiskiirtme memesi kullanilmis ve meme
araliklar1 2,5 cm secilmistir. Piiskiirtiilecek ¢gimento serbetinin su/¢imento orani 1/1 olarak ve
sistem basinci 300 ila 350 bar olarak secilmistir. Jet grout tijinin doniis hiz1 15 devir/dakika
olarak alinmig ve tijin ¢ekilmesi otomatik olarak 4 cm’lik kademelerle gergeklestirilmistir.
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Sekil 4 - Temel plani tizerinde jet grout kolonlarinin yerlerinin ve sira numaralarinin
gosterilisi

Sekil 4’de radye temel planmi iizerinde jet grout kolonlarmin yerleri ve sira numaralar
gosterilmigtir (Fazla oturma yapan temel bolgesi kenarlarinda diizenlenen 2 sira kolon dahil).
Ayrica x dogrultusunda 2-2 kesitinde ve y dogrultusunda 5-5 kesitinde diizenlenen jet grout
kolonlarinin yandan goriiniisii, ¢aplar1 ve boylart ile birlikte sekil 5 ‘te gsterilmistir.
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Temel planinda radye temel altina jet grout kolonlarinin yerlestirilmesinde, radye temelin
egilme zorlanmalarint diigiik tutmak i¢in, jet grout kolonlarini bodrum kattaki {ist yap1
kolonlarinin etki bolgelerinde yogunlastirilmasina ve kolon yiiklerine uygun sayida jet grout
kolonu diizenlenmesine dikkat edilmelidir. Burada Temel tabani altindan saglam zemin
tabakasina kadar diisey jet grout kolonlarindan olusturulan bu destekleme sistemi, boslukta
diizenlendiginde ¢ogunlukla kararsiz dengeye sahip bir statik sistem olusturmasina karsin, jet
grout siitunlari ile iyilestirilmis zayif zemin i¢inde yatay kuvvetlerin, zeminin toprak direnci
ile karsilanmasi sonucu stabil bir sistem olarak alinabilir.

TS

NG

Sekil 5 - x Dogrultusundaki 2-2 kesitinde ve y dogrultusundaki 5-5 kesitindeki jet grout
kolonlarinin numaralart ve temel plagi tabani ile traverten tabakasu tist yiizeyi arasindaki
yiikseklikleri

6. BINANIN DESTEKLENMESI iCIN IMAL EDILEN JET GROUT
KOLONLARININ YOKLEME DENEYIi iLE TASIMA GUCUNUN KONTROLU

Antalya-Konyaalt1 ilcesindeki 7 katli egik konut binasinin dogrultma ve destekleme
caligmalar1 tamamlandiktan sonra, BST Miihendislik firmasi tarafindan uygulamasi yapilan
temel destekleme projesinde, imal edilen jet grout kolonlarinin hedeflenen tagima giiciini
dogrulamak amaciyla, konunun uzmani tarafsiz bir kurum (YTU, Ins. Fak., Geoteknik Dalr)
tarafindan, binada oturmanin en fazla olustugu temel kosesinde (C kosesinde) jet grout
kolonlar1 ile ¢evrilmis alanin ortasindaki jet grout kolonunda bir yiikleme deneyi
gergeklestirilmistir (bkz. Sekil 6 a ve 6 b).
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Sekil 6 - a) Desteklenen binanin temel tabani altinda imal edilmis jet grout kolonu (BST
Miihendislik Firm.) b) Desteklenen binanin temeli altinda imal edilmis bir jet grout kolonu
tizerinde yapilan yiikleme deneyi
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Sekil 7 - Bir jet grout kolonu iizerinde yapilan yiikleme deneyinin Yiik-Oturma egrisi

Proje kaziklari i¢cin CIRIA (1985)’ de belirtilen asamalarla ger¢eklestirilen bu deneyde, jet
grout kolonu basinin deplasmani, 0,01 mm duyarligi olan saatler yardimiyla 6l¢iilmiis ve
deplasman degeri, okuma degerleri ortalamasi olarak alinmistir. Sekil 7°de gosterildigi iizere,
birinci ¢evrimde proje yiikii olan yaklagik 400 kN *da toplam oturma 1,3 mm ve kalici oturma
0,1 mm, proje yiikiiniin 1,5 katinda (600 kN ‘luk yiikleme altinda) ise toplam oturma 2,8 mm
ve kalici oturma 0,5 mm olarak gézlenmistir. Bu degerler, yiikleme deneyini gergeklestirilen
ve elde edilen sonuglar1 08.06.2000 tarihinde diizenlenen bir Raporla Konyaalti1 Belediyesi-
Imar Miidiirliigiine sunan tarafsiz kurum tarafindan, jet grout kolonlari igin &ngériilen 400
kN ’luk proje yiikiiniin giivenle taginabilecegi seklinde yorumlanmustir.

Konut binasinin dogrultulmasi ve bina temelinin desteklenmesi isinin tamamlanmasindan
baslayarak, isin sonuna kadar (en az 3 ay siireyle) peryodik 6l¢timler yapilarak, binada hic¢bir
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oturma ve oturma farki olmadig1 saptanmis ve Konyaalt: Belediyesi imar Miidiirliigii’ne
yazili olarak bildirilmistir. Ancak Belediye, ondan sonra binaya iskan ruhsati vermistir.
Ayrica binaya iligkin dogrultma, destekleme ve yiikleme deneyi ¢alismalariin tamamlanma
tarihi olan Haziran 2000 tarihinden sonra, kontrol araliklar1 giderek artirilmak suretiyle 2022
yili sonuna kadar izlenmis ve binada hi¢bir oturma ve oturma farki olugsmadigi saptanmuistir.

7. SONUCLAR

Varolan zemin ve yap1 sistemi kosullar1 altinda, jet grout yontemiyle egik bir binanin
dogrultulmasi ve desteklenmesi uygulamasindan ¢ok basarili bir sonug¢ elde edilmistir.
Uygulamanin bagarisinda, oncelikle ¢ok titiz ve kontrollu ¢aligmanin biiyiik payi oldugu
aciktir. Bunun diginda, uygulamanin 6ngoriilen hedefleri saglayip basarili olmasinin diger
o6nemli iki nedeni ;

1)  Bina egikliginin neden kaynaklandiginin ¢ok agik bir bigimde belirlenmis olmasi,

2)  Temel sisteminin {ist yapi ile birlikte rijit bir toplam sistem olusturmasi sonucu, binanin
oturma farklarindan dolay1 zemin iizerinde rijit bir ddnme yapmasi ve bu donme
strasinda tastyici sistemde ve dolgu duvarlarda higbir catlama ve asir1 zorlanma ortaya
¢tkmamasidir.

Binanin jet grout yontemiyle dogrultulup desteklenmesiyle kazanilmasi, ¢ok ekonomik ve
rasyonel bir ¢6ziim olmustur. Eger s6zkonusu bina jet grout yontemiyle basarili ve giivenli
bir bigimde dogrultulup desteklenmeseydi, kaba ingaati tamamlanmis bina i¢in ilgili Belediye
tarafindan yikilma karar1 alinip kesinlikle yikilacakti. Binanin kaba ingaatinin tamamlanmasi
asamasinda yikilip yeniden yapilmasi, yaklasik 540 000 $ ‘lik milli servetin yok olmasi
disinda, yaklasik bir yillik zaman kaybina neden olacakti. Ayrica mal sahibi veya yiiklenici,
binadan ingaat asamasinda daire satin alan sahislarin hakli yasal talepleriyle kars1 karsiya
kalacakti.
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