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Abstract

Precast concrete structures are composed of columns that exhibit significant flexural be-
havior, high aspect ratios, and substantial deformation and drift capacities. The existing
experimental and analytical expressions found in the literature regarding the deformation
and displacement capacities of columns are generally inadequate and not directly ap-
plicable to precast columns. Therefore, a comprehensive investigation into the damage
capacities of precast columns is necessary. In this study, simplified expressions were de-
veloped to estimate drift ratios corresponding to various damage states of square precast
columns. The effects of several design parameters, including square section depth, aspect
ratio, axial load ratio, reinforcement ratios, material strengths, and embedment depth, on
the damage behavior of socket columns were evaluated. Initially, based on existing ex-
perimental studies on socket foundations, a simplified equation was proposed to estimate
the rotational stiffness of the socket column-foundation connection. Then, a parametric
study was conducted, and to generate sufficient data, different column models were cre-
ated using information obtained from previous studies on precast structures, and push-
over analyses were performed. The primary damage states considered in these analyses
included reinforcement yielding, concrete cover spalling, longitudinal bar buckling, and
concrete crushing. Based on the analysis results, polynomial regression analyses were
used to develop simplified expressions to estimate drift ratios. These expressions were
found to predict experimentally measured drift values with satisfactory accuracy. Among
the evaluated design parameters, the aspect ratio was found to significantly affect drift
demands. Additionally, fragility analyses indicated that as the aspect ratio increases, socket
columns require larger embedment depths to mitigate damage states related to longitudinal
reinforcement yielding and cover concrete spalling.
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1 Introduction

Precast reinforced concrete structures are increasingly preferred due to their significant
advantages, low cost, high quality, and rapid production (Ertag 2005; Polat 2010). With the
growth of the construction sector and the rising demand for engineered buildings, using pre-
cast structures has become more prevalent and essential. A significant portion of industrial
structures consists of single-story or partially mid-rise, long-span precast buildings, where
columns are connected at the roof level with hinged roof beams. Precast buildings’ overall
performance and structural integrity primarily depend on the connections between vari-
ous structural elements. Common connection types include column-to-foundation connec-
tions, where columns are rigidly fixed to the foundation to provide rotational stiffness, and
beam-column connections within the superstructure, which can be either moment-resisting
or hinged. Precast column-to-foundation connections should ensure structural stability by
effectively transferring vertical and lateral loads from the columns to the ground through the
foundation. Reports from recent earthquakes in Tiirkiye, such as the 1998 Adana-Ceyhan,
1999 Kocaeli, 2011 Van, and the 2023 Kahramanmaras earthquakes, indicate that damage to
industrial buildings was primarily due to deficiencies in connection details. Damage assess-
ments revealed that significant structural failures occurred because of inadequate anchorage
and fastening elements, and due to the collapse of roof beams as a result of insufficient
bearing lengths. Shear and flexural failures were also observed at column-to-foundation
connections. (Adalier and Aygiin 2001; Saatcioglu et al 2001, Ozden et al. 2012; Yesilyurt
et al 2021; Arslan et al 2024).

Precast cantilever columns of single-story precast buildings are structural elements
characterized by predominantly flexural behavior, with a shear span-to-depth ratio typi-
cally exceeding 10 (Fischinger et al 2008; Arslan et al 2024). Experimental studies have
demonstrated that precast columns with sufficient connections to foundations possess sig-
nificant deformation capacities, achieving drift ratios of up to 7-8% (Karadogan et al. 2013;
Palermo et al. 2006; Negro et al 2006). It is essential for the foundation and its components
to provide adequate strength and stiffness, even when the columns are experiencing plastic
deformation (Metelli et al 2011; Zhang et al 2021; Cheng et al 2021). One commonly used
method for precast column-to-foundations, known as the socket connection, involves plac-
ing the column into a socket foundation, with the gap between the column and the socket
filled with grout to complete the connection (Osanai et al 1996; Canha et al 2009; Han et al
2023; Pul et al 2014). Precast columns in socket foundations are widely applied in industrial
structures in countries such as Tiirkiye and Italy due to their ease of implementation and
low sensitivity to workmanship errors (Deyanova et al 2023; Cogurcu and Uzun 2022).
The damage mechanisms and deficiencies observed in previous earthquakes for precast col-
umns in socket foundations can be summarized as follows: the damage mechanisms include
plastic hinging and crushing at the column base, cracking and localized crushing at the
upper edge of the foundation, column separation, and shear failure in column cross-sections,
while the observed deficiencies involve inadequate grout application, insufficient confine-
ment reinforcement, inadequate hook lengths, or improper connection details (Adalier and
Aydingun 2001; Saatcioglu et al 2001; Ozden et al 2012; Yesilyurt et al 2021; Arslan et al
2024). (Fig. la and b).

Experimental studies on rectangular columns in socket foundations generally focused on
evaluating the behavior and performance of precast columns and connections with varying
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Fig. 1 Typical damages for
precast column-to-socket
foundations after (a) 1999 Ko-
caeli earthquake (Saatcioglu et al
2001), (b) 2023 Kahramanmaras
earthquake

embedment depths and interface conditions. Osanai et al (1996) conducted experimental
studies under cyclic loading to investigate the structural behavior of precast column—socket
connections. In their study, the force transfer mechanism of columns was modeled consider-
ing different embedment lengths and smooth and rough surface conditions. It was concluded
that for socket connections with smooth interfaces, an embedment depth of 1.25d (d is the
depth of the column cross-section measured in the direction of horizontal loading) was
insufficient to achieve adequate stiffness; however, a rigid connection could be achieved
when the embedment depth was 1.5d or greater. In contrast, for connections with rough sur-
faces, an embedment depth of 1.0d or greater was sufficient to provide the required stiffness
and force transfer performance for the column. Canha et al (2009 and 2009) investigated
precast columns in socket foundations, focusing on the effects of smooth and rough interface
conditions, embedment length, and rebar anchorage length. To achieve this, specimens were
tested with embedment lengths of 2d and 1.6d, both subjected to significant eccentricity.
Their findings indicated that failure occurred outside the embedded region, primarily char-
acterized by the yielding of the tension reinforcement, while the transverse reinforcement
exhibited minimal strains. Yiice (2010) and Karadogan et al (2013) conducted experimental
studies on precast columns in socket foundations. Specimens with different cross-sectional
dimensions, reinforcement ratios, and interface characteristics in socket foundation con-
nection details were examined. Within the scope of these studies, the behavior and perfor-
mance of precast columns were comprehensively evaluated in terms of load-displacement
hysteretic curves, deformation limits, and failure modes. The experimental results indicated
that variations in surface condition (smooth or rough) and embedment depth (1.75d-2.33d)
of socket foundation connections had no significant adverse effect on the overall structural
behavior of columns.

Pul et al (2014) tested one cast-in-place monolithic connection and five different types
of socket foundation connections. It was observed that the standard socket connection with
an embedment depth of 0.8d exhibited weaker performance compared to the cast-in-place
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column—foundation connection. In addition, innovative materials such as high-performance
concrete have been increasingly utilized in precast column connections. For this purpose,
Zhang et al (2021) investigated socket connections filled with ultra-high-performance con-
crete (UHPC). They found that the seismic performance and damage states of precast col-
umns with roughened surfaces and an embedment depth of 0.8d were similar to those of
cast-in-place column—foundation connections. The common findings of these studies indi-
cate that in column-to-socket foundation connections, achieving structurally safe and effi-
cient performance requires sufficient embedment depth for the columns.

Although many researchers have developed various equations defining damage limit
states for columns in conventional reinforced concrete structures, there are significant uncer-
tainties regarding their direct applicability to precast columns. Kowalsky (2000) recom-
mended damage control deformation limits for circular reinforced concrete bridge columns,
and relationships between curvature, drift ratio, ductility, and equivalent viscous damping
for columns with different aspect ratios and axial forces were compared, and the varia-
tions between them were investigated. Based on plastic hinge analyses, Berry and Eber-
hard (2003) developed plastic rotation equations at the onset of bar buckling and concrete
spalling for flexure-dominated reinforced concrete columns. The equations corresponding
to these damage states were calibrated using experimental results obtained from the PEER
database (Pacific Earthquake Engineering Research Center) (Berry et al. 2004). Lehman et
al (2004) investigated the performance of reinforced concrete bridge columns with vary-
ing aspect ratios, axial load ratios, longitudinal and transverse reinforcement ratios. Mate-
rial strain and displacements corresponding to various damage conditions, such as concrete
cracking, cover concrete spalling, core concrete crushing, and reinforcement buckling, were
evaluated based on experimental results. Goodnight (2015) developed an experimental pro-
gram focused on relationships between strain and deformation. Numerical expressions were
proposed for the RC bridge columns to assess damage control limit states based on the drift
ratio. In recent studies, Shrestha and Pujol (2023) have produced an empirical equation for
estimating drifts at a 20% reduction in flexural capacity. The resulting empirical formulation
for reinforced concrete columns produced more accurate results than existing formulations
in the literature. Aydemir et al (2023) introduced a new model to estimate the drift ratio and
displacement capacity of RC columns at the failure damage limit.

Furthermore, studies that predict drift ratios corresponding to damage states for precast
columns are limited in the literature. Fischinger et al (2008) developed a modified lumped
plastic hinge model to predict the cyclic behavior of precast columns by adapting exist-
ing expressions from the literature. However, it was noted that the empirical expressions
proposed in the literature for estimating column yielding and ultimate drift capacities (Pan-
agiotakos and Fardis 2001; Fardis and Biskinis 2003; Haselton et al 2008) are not directly
applicable for predicting the deformation and displacement capacities of precast columns.
The primary reason for this limitation is that these empirical equations were predominantly
developed based on experimental databases (PEER database (Berry et al. 2004); Panagio-
takos and Fardis 2001) consisting of columns with shear span ratios typically less than 6.
In contrast, precast structural elements, which often have larger aspect ratios and slender
cross-sections, fall outside the range of these experimental datasets. Deyanova et al (2023)
recently evaluated the nonlinear behavior and seismic performance of precast columns using
fiber-based nonlinear finite element models. The analysis consists of a simplified analytical
method for predicting collapse mechanisms and force—displacement relationships. How-
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ever, these studies were based on a limited number of column tests. Therefore, developing
simple empirical predictive expressions that use precast columns with different geometric
and material properties would be essential for accurately identifying damage levels.

This study aims to develop predictive expressions for various damage states of square-
section precast columns in socket foundations based on drift ratios and to propose a sim-
plified equation for evaluating the stiffness of the socket—foundation connection. In this
context, the formulation of empirical predictive expressions derived from different geo-
metric and material properties will be crucial for accurately identifying damage levels in
precast columns.

2 Predicting rotational stiffness

Embedment depth is one of the critical parameters governing the seismic performance of
precast columns in socket foundations and is also important for evaluating potential damage
mechanisms during earthquakes. Accurately estimating the behavior and stiffness of pre-
cast columns in socket foundations, considering embedment depth, contributes to a reliable
assessment of structural performance and improves the accuracy of performance analyses
of precast concrete columns. However, a limited number of studies focus on the rotational
stiffness of reinforced concrete socket—foundation connections. Han et al (2023) developed
a method to estimate the rotational stiffness of precast columns in socket foundations using
equations derived from the beam-on-elastic-foundation theory originally established by
Hetényi (1946). The validated model showed that reducing embedment length decreased
socket connection stiffness. Similarly, Richards et al (2018) and Tryon (2016) studied the
estimation of the rotational stiffness of steel column-to-concrete foundation connections,
also employing beam-on-elastic-foundation formulas based on Hetényi’s theory. Accurate
estimation of the rotational stiffness based on these formulas depends on the reasonable
determination of the subgrade modulus to be used in the calculations.

Additionally, Barnwell (2015) evaluated expressions for the initial stiffness of the system
(k) and column stiffness (k.) using the relationship between springs in series to determine
the stiffness of the connection. Han et al (2023) investigated the efficiency of socket con-
nections using the ratio (k;)/(k.), defined as the connection efficiency coefficient (a). The
finite element analysis conducted by the researchers determined that the parameter with the
greatest effect on the connection efficiency coefficient (o) was the embedment depth. These
experiments and theoretical studies (Barnwell 2015; Tryon 2016; Richards et al 2018; Han
et al 2023) focus on the initial slope of the force-displacement curve at low loading cycles or
drift values. They aim to determine the stiffness of the connection before a sudden decrease
or change in the initial slope. The initial slope corresponds to the total stiffness at the base of
the column. In this study, the total stiffness is determined by employing the stiffness mecha-
nism described in Barnwell (2015). Dividing the lateral load (F) by the displacement (A)
can give the total or initial stiffness (k;) of the precast socket column, as given in Eq. (1). F
and A were determined from the experimental results corresponding to the elastic state of the
hysteretic curve. In this study, both values were obtained at the point where cover concrete
cracking was first observed in the tests. Once points have been determined, total stiffness,
k¢, can be calculated.
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k=7 (1)

Equation (2) provides an alternative expression for stiffness, which can be used to deter-
mine the theoretical stiffness of a column with a fixed connection at its base. If the precast
column-to-socket connection exhibits deflections smaller than the theoretical displacement
given by FL3/3EI the connection can be considered as a fixed support with sufficiently high
rotational stiffness. Here, F is the modulus of elasticity of the concrete column, calculated
as E = 50004/ f, I is the moment of inertia of the section, L is the height of the column
from the point of load application to the top of the concrete socket.

_ 3EI

ke =

2

In this study, a simplified equation is proposed to estimate rotational stiffness at the base
of the column-to-socket foundation. The theoretical stiffness of the fixed base column (k)
and total stiffness (k;) will be calculated as the first stage of the equation to be derived.
The stiffness calculated at low deflection cycles of the force-displacement curve provides
important information for finding the rotational stiffness. Experimental studies (Osanai et al
1996; Canha et al 2009; Zhang et al 2021) have shown that the interface conditions, such as
smooth or rough between the socket foundation affect the seismic performance of precast
columns. In this study, considering the existing experimental results, it was observed that
more detailed data can be obtained from studies where the column-foundation connection
surface is smooth. Therefore, the data on the initial slope of the hysteresis curve are taken
from these experimental studies and evaluated. Table 1 shows the material properties, cross-
sectional dimensions, concrete cracking points obtained from cyclic tests, and stiffnesses
obtained from references for precast columns with smooth surface socket foundations. This
stiffness was taken as the slope of the line drawn from the origin to the concrete cracking,
and it was considered as the initial stiffness of the force-displacement curve. EI represents
the elastic flexural stiffness of the column, calculated as the product of £ and the moment of
inertia /. The parameter (o) was calculated for all test results and is given in the last column
of Table 1. The embedded depth ratio (1/d), defined as the ratio of the embedment depth of
the socket column specimens to the column depth, varies between 0.6 and 2.33. Also, in
Table 1, (b) and (d) indicate the column width and depth, perpendicular and parallel to the
horizontal load, respectively.

The equation of connection efficiency developed by Han et al (2023) does not include the
case where the embedment depth exceeds 1.2d. For this reason, in this study, the connection
efficiency factor a is proposed for a wider range (from 0.6d to 2.3d). To propose an empiri-
cal equation, embedment depth was considered a potential predictor variable that influences
the performance of the socket column. The empirical equation for a, derived from the opti-
mal fitting solution of the predictive variables, is presented in Eq. (3 ).

k 12 l

t

= —=-0.102( =) +0.626( - ) —0.01 3
« B 00() 066() 0.016 (3)

c
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This equation provides a reasonable agreement between the predicted and experimental
values with low estimation errors. Figure 2 shows the variation of the o factor with respect
to the embedment depth ratio. The plotted data show a trend of increasing connection effi-
ciency factor with increasing embedment depth. High 1/d ratios (>2) in some experimental
tests indicate that precast socket foundation connections exhibited behavior close to the the-
oretical fixed-base stiffness and high rotational restraint. Moreover, for specimen S30_16,
the observed stiffness exceeding the theoretical fixed-base value may be attributed to factors
such as the method used to determine the initial slope, the presence of the grout layer, and
friction or stress distribution at the connection interface.

The test results of the a coefficient above were used to estimate the rotational stiffness of
the socket column connection. Fig. 3a illustrates the flexural behavior of the socket column
under axial and lateral loads, while Fig. 3b schematically shows the relationship between
the resulting horizontal displacements and the rotation at the base. In Fig. 3b, the red line
on the right represents the deformed shape of the column due to bending, whereas the black
line on the left depicts the rigid column prior to bending. Rotational stiffness of the column
can be determined by dividing the moment My, . by the rotation 6., which was obtained
using Eq. (4) and represented with 3 as a rotational spring stiffness, as shown in Fig. 3b.
In this equation, deflection (A.,y.) due to the rotation of the connection was obtained by
subtracting the part of flexural deformation (A.,;.) from overall deformation (A4,:.) of the
socket column. In previous studies (Han et al 2023; Zhang et al 2021; Karadogan et al 2013;
Osanai et al 1996, the effect of axial forces was taken into account; accordingly, this study
considers the effect of axial force on the column-base connection in terms of rotational
stiffness. Consequently, the bending moment of the column base My, s, includes two com-
ponents: moment multiplying lateral load (F) by column height (L) and additional moment
caused by axial loads (N) in combination with column displacement (A4, ). The data uti-
lized to compute the ratio Mpgse/0con. Were mentioned in the previous paragraphs, where
the derivation from the linear-elastic stage of load-displacement curves. By solving Egs. (1,
2, and 4), the corresponding rotational stiffness is derived depending on the a coefficient and
given in the following Eq. (5). Finally, a simplified version of the rotational stiffness can be
calculated in Eq. (6) by replacing the coefficient a as expressed in Eq. (3).

 Mpase FL+NApy  FL2+ NAyy L FL? + NAyy L

= = = = 4
6 econ. AC% Atot. - Aco[. Atot 55; ( )
Mpgse P+ 2L 3EI a
B = Gba =— kCL3 = (L+NL> . Q)
con. kece  3EI ( —Oé)

—0.102(4)” +0.626 () — 0.016
ﬁ_(m ) (—0.102(%) (4) - 0.016) o

(+0.102(F1)" ~ 0626 (4) +1.016)
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Fig. 3 (a) Flexural behaviour and (b) rotational flexibility of the column-to-socket foundation

3 Numerical modelling of precast column tests

An experimental research program was carried out at the Structural Engineering Laboratory
of Istanbul Technical University (ITU), in collaboration with the Turkish Precast Concrete
Association (Yiice 2010; Karadogan et al 2013). The aim of this study was to evaluate the
effectiveness of enhanced detailing and potential improvements in the cyclic performance of
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precast columns embedded in socket foundations. Within this scope, precast column speci-
mens were tested, varying in cross-sectional dimensions (30, 35, and 40cm) and longitu-
dinal and transverse reinforcement ratios. In the cyclic tests, the precast column specimens
were subjected to cyclic displacements under a constant axial load with a 4-5% ratio until
substantial damage developed. The observed failure modes included concrete cracking at
the column base, buckling of the longitudinal reinforcement, and fracture of several longi-
tudinal bars.

In this study, the cyclic behaviors of two precast column specimens, namely S35 1416
and S40 20, were investigated using a numerical model that incorporates foundation stiff-
ness. The corresponding concrete compressive strengths of the columns were 45.8 MPa and
45.9 MPa, respectively, as shown in Table 1 (Karadogan et al 2013). The simulations were
carried out using the OpenSees-based STKO (Scientific Toolkit for OpenSees), developed
by Petracca et al (2017), which provides an efficient interface for modeling, visualization,
and pre-/post-processing in performance-based earthquake engineering. For the numeri-
cal solution, the Krylov-Newton method was employed, and a convergence criterion was
applied to control the residual error, maintaining it within a tolerance value of 107°.

In the structural model, a force-based finite element formulation with distributed plas-
ticity was adopted to accurately capture plastic deformations. Figure 4 illustrates a simpli-
fied and representative fiber cross-section used in the analytical model of the column. In
this model, the section is discretized into steel, confined concrete, and unconfined concrete
fibers, which are distributed along the height of the element at predefined integration points.
The strain in each fiber is calculated through sectional analysis, enabling a detailed repre-
sentation of damage progression within the fiber-based modeling framework.

P —— i N & T
i i » Longitudinal rebar
Confined concrete (@)
B Unconfined concrete
_ Element 2
-gb @ \ 5 Integration Points
g L;=L-L;
g ®
E
o
e Column fiber @ |
= element model. Element 1
o | 3 Integration Points
Li=6 Ly
1 Zero length
""" T JSeaionElemem
 Embedded
I m’ | Rotational Spring with zero
}  column J length elementh

Fig. 4 Numerical model of precast column in socket foundations
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For modeling reinforced concrete elements, selecting integration points and the number
of elements is critical for accurately predicting the nonlinear response. Thus, in this study,
the model proposed by Kashani et al (2016) is used to predict the nonlinear behavior of
precast columns in socket foundations. In this proposed model, there are two force-based
elements that have different lengths along the column. The first element has three Gauss-
Lobatto integration points, where most of the nonlinear deformations are localized, and its
total length is 6L L.g represents the buckling length of the longitudinal rebar, and the
process of determining the buckling length is presented by Dhakal and Maekawa (2002).
The second force-based element, which has five integration points, is employed to simulate
the upper section of the column based on the suggestion by Berry and Eberhard (2006). Fig-
ure 4 illustrates the representation of the proposed model for the precast column in socket
foundations.

Fiber sections are assigned nonlinear uniaxial material models to define the monotonic
and cyclic response of unconfined and confined concrete and reinforcing steel. In this study,
the Concrete04 material model was selected as the uniaxial material model, available in the
OpenSees library. This model uses Popovics (1973) curve, which describes the behaviour
of both the confined and unconfined concrete, as shown in Fig. 5a. In the confined concrete
model, confinement parameters due to transverse reinforcement proposed by Mander et al
(1988a) are considered. Tensile stress-strain behaviour of concrete is also included in the
numerical analysis, which is taken from the linear-elastic range of the test results. For the
stress-strain behaviour of longitudinal reinforcement, the Reinforcing steel material model
proposed by Kunnath et al (2009) was used to describe the nonlinear behaviour of the rein-
forced fibers as shown in Fig. Sc.

To simulate accurately the bond-slip effect of reinforcing bars, the uniaxial mate-
rial model Bond_SPO01, developed by Zhao and Sritharan (2007), is incorporated into the
numerical model. The bond-slip behavior defined in Fig. 5 d was incorporated into the
numerical model through a zero-length section element placed between the fiber-based col-
umn element and the rotational spring, as shown in Fig. 4. The zero-length section element
is an independent fiber section with unit length and consists of concrete and reinforcing steel
fibers represented by the bond-slip material model.

To simplify the nonlinear behavior, the rotational behavior of the column embedded con-
nection was taken into account. The numerical representation of this rotation ultimately
consists of a spring. Rotational springs are located at the column base and assigned as zero-
length elements to consider rotational behavior, as shown in Fig. 4. In this study, elastic
material in OpenSees, as shown in Fig. 5b, is used to define the stiffness of the embedded
region. A simplified method for predicting the rotational stiffness of the spring is given in
detail in the previous section.

Simulation of the numerical models is necessary to generate realistic results. In align-
ment with the above discussion, the fiber-based model established in OpenSees based on
geometric and material properties was considered for prediction. The numerical analy-
ses were conducted on precast columns in socket foundations selected from the study by
Karadogan et al (2013), and the material model and properties used are summarized in Table
2. In these analyses, Eq. 6 was employed to calculate the rotational stiffness at the socket—
foundation connection. The rotational stiffness () values obtained using this equation were
determined to be 1.047 x 103 kNm/rad for the S30 1416 column and 2.355 x 10° kNm/rad
for the S40 20 column. For comparison, the rotational stiffness values were also directly
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Fig. 5 Material models

obtained from the experimental results by considering the initial slope at the cracking point
of the lateral force—displacement curves. These values were found to be 1.513 x 10° kNm/
rad and 1.925x 10° kNm/rad for the S30_1416 and S40 20 columns, respectively. The dif-
ferences between the predicted and experimental results (with Eq. 6 to experimental ratios
0f 0.7 and 1.22) can be attributed to the error rates illustrated in Fig. 2.

The obtained results were compared with the experimental data in terms of the lateral
force—displacement relationship. Figure 6 illustrates the comparison of hysteretic curves
between the experimental and numerical results. The fiber-based model provides an accu-
rate representation of the hysteretic response of precast columns and captures the cyclic
behavior of experimental results during the loading and unloading steps.
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Table 2 Material model parameters

Specimen  Material model Parameters
f,(Mpa)  f, (MPa) E (MPa) Ey(MPa) ey £t
S35_1416  Reinforcing Steel 479 598 200000 3000 0.008 0.08
S40_20 540 658 200000 3000 0.008 0.08
f,(MPa) S (mm) f,(MPa) S,(mm) b R
S35_1416 Bond_SP01 479 0.39 598 13 0.5 0.8
S40_20 540 0.51 658 18 0.5 0.7
E,(MPa) f (MPa) f (MPa) ¢ £, £,
S35_1416  Concrete 04 (Unconfined) 33838 45.8 5.0 0.00014  0.002 0.005
S40_20 34532 459 5.0 0.00014  0.002 0.005
E,(MPa) f, (MPa) f (MPa) & €0 €y
S35_1416  Concrete 04 (Confined) 33838 54.0 5.0 0.00014  0.004 0.015
S40 20 33874 53.3 5.0 0.00014  0.004 0.013

Note: f,=yield strength of steel; fy,, f,=ultimate strength of steel; E,=Young’s modulus of steel;
E,,=Tangent at initial strain hardening; €, =strain corresponding to initial strain hardening; €, =strain
corresponding to peak stress; S,=rebar slip at member interface under yield stress; S, =rebar slip at the
loaded end at the bar fracture strength; b= Initial hardening ratio in the monotonic slip vs. bar stress
response; R= pinching factor for the cyclic slip vs. bar stress response; E =elastic modulus of concrete;
f, and f_ =compressive strength of unconfined and confined concrete, respectively; f;=tensile strength of
concrete; g =tensile strain of concrete; €, and &, =strain at maximum strength for unconfined and confined
concrete, respectively; g, and &, =ultimate strain for unconfined and confined concrete, respectively

4 Damage states

The nonlinear behavior and damage states of structures under seismic loads can be deter-
mined and classified through static or dynamic nonlinear analyses within the framework of
performance-based design. Especially, establishing several performance levels and quan-
tifying the associated deformations for each level, indicative of various damage states, is
essential for evaluating and building seismic-resistant structures. When the seismic response
of the structure exceeds specified limit values, damage conditions indicate that a particular
performance level has been reached. In this study, material strains are used to determine
damage level because they provide a critical measure of the severity of damage for primary
structural elements. Priestley (2002) and Calvi et al (2007) indicated that displacements and
material strains are significantly correlated in evaluating the damage potential of structures.

In determining the material’s limit deformations that govern the damage states, critical
concrete and reinforcement strain were considered. The four different damage states were
defined individually as follows. The first limit state, DS1, is related to the cracking of cover
concrete, characterized by the development of flexural cracks and linear elastic behavior.
The second limit state, DS2, occurs at the point of yielding when the longitudinal rein-
forcement fiber of the column reaches its yield strain. Limit state DS3 is defined with the
cover concrete begins to spall when the exterior fiber reaches the compression strain limit.
Final one DS4, these performance limit states were considered when crushing of confined
concrete and buckling of longitudinal reinforcement concentrated in the plastic hinge zone.
This ultimate damage state can significantly affect the strength and stiffness, and bring the
column specimen near collapse.

The drift ratios of the precast concrete columns were estimated for each performance
level utilizing concrete and reinforcement material deformation limits. Yield strain was
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Fig. 6 Comparisons of fiber model and experimental results for (a) S35 1416 (Karadogan et al 2013); (b)
S40_20 (Karadogan et al 2013)

determined based on the yield strength and the corresponding elastic modulus of steel.
Spalling of cover concrete is another indicator of damage. According to (Crowley et al
2004), strain limits for concrete cover spalling can be taken as 0.004—0.005. In this study,
the spalling strain of the cover concrete is assumed to be 0.005.

Several empirical models have been proposed in the literature to predict the strain corre-
sponding to the buckling of longitudinal reinforcement, based on experimental results (Bae
et al 2005, Feng et al. 2015; Bournas and Triantafillou 2011; Rodriguez et al 1999; Rodri-
guez and Iiiguez 2019; Urmson and Mander 2012). In addition, Jiang et al. (2010) focused
specifically on flexure-controlled reinforced concrete columns and proposed an equation to
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estimate the strain at the onset of reinforcement buckling. This equation, which was devel-
oped using observations of longitudinal reinforcement buckling from the PEER database
(Berry et al. 2004), is presented in Eq. (7). In this equation, K. represents the confinement
effectiveness coefficient defined by Mander et al (1988a), and s/d;, denotes the ratio of trans-
verse reinforcement spacing to the longitudinal bar diameter.

1

—a

oo = 0.0023 + 0.0572 K2 <ds) @)
b

Lastly, Crowley et al (2004) suggested that concrete strain limits of confined members may
occur between 0.010 and 0.020. In this study, the crushing strain of core concrete was taken
from a commonly used equation proposed by Paulay and Priestley (1992) and given in Eq.
(8). The drift at the strain-based damage states is obtained by tracking the strain formation in
the corresponding material strain (reinforcement and concrete) on the fiber-based modeling
of the precast column.

17 4psfyh55m

Ecu = 0.004 +
Jee

®)

Where, p, is the volumetric ratio of transverse steel, fy;, is the yield stress of transverse
steel, €5, is the ultimate tensile strain of steel, and f.. is confined concrete compressive
strength. The four-performance limit states, which represent damage control, as well as their
strain limit criterion, were defined for the precast columns in socket foundations as stated
in Table 3.

4.1 Design parameters of precast columns

To provide a comprehensive database of precast concrete columns, various types of columns
with different properties were generated for analysis. While deciding on the design param-
eters in this study, information obtained from past studies in Tiirkiye and Italy examining
precast structure members was used (Senel and Kayhan 2010; Palanci 2010; Palanci and
Senel 2013; Yesilyurt et al 2021; Deyanova et al 2023; Arslan et al 2024). According to
data obtained from single-story precast structures, Deyanova et al (2023) observed that
precast columns have relatively large aspect ratios, mostly ranging between 10 and 20.
In addition, Yesilyurt et al (2021) reported the mean and standard deviation (SD) values
of column dimensions and heights in their investigations on precast structures. Based on
these values, when the aspect ratios were classified, it was observed that the mean aspect
ratios of prefabricated columns were distributed between approximately 10 and 20, within
the associated error bars (+2SD) (Fig. 7). Furthermore, investigations on column cross-

Table 3 Damage states definition

Degree state Degree of limit state  Damage Description Stain Limit

Slight DS1 Cracking of the cover concrete ~ Concrete €c = €er

Minor DS2 Yielding of rebars Steel €s = Eyield

Moderate DS3 Spalling of the cover concrete Concrete ec = 0.005

Severe DS4 Crushing of core concrete Concrete Ec = Ecu
Buckling of longitudinal rebars ~ Steel Es = Epp
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section dimensions by Yesilyurt et al (2021) and Senel and Kayhan (2010) indicated that
the majority of precast columns have square sections, with sizes ranging from 35 x35cm to
60 x 60 cm. Considering these parameters, three representative square-section columns (35,
50, and 60 cm) were selected for the modeling study, with corresponding aspect ratios of 10,
14, and 18, respectively.

Some past building investigations indicate that axial load levels in single-story precast
structures are not critical; the mean axial load ratio may be considered as 5% (Palanci and
Senel 2013). Distribution of axial load ratio was determined to be between %7.5% and
12.5% (Deyanova et al 2023; Palanci 2010). When examined in terms of longitudinal rein-
forcement ratios, the columns showed a range of 1% to 3% (Yesilyurt et al 2021; Palanci
2010; Palanci and Senel 2013). Observations about the embedment depth of the columns
indicated that it was generally 1.5 to 2.0 times the depth of the column, which meets the
provisions of the Turkish Standard for precast structures (Arslan et al 2024). Based on the
observations and studies given above, significant parameters that created column section
models, including axial load ratio, concrete strength, reinforcement yield strength, column
aspect ratio, embedment depth-to-column depth ratio, longitudinal reinforcement, and
transverse reinforcement ratio, are given in Table 4.

4.2 Pushover analysis

To investigate the influence of key design parameters, a total of 2916 square-section column
models were developed by considering all possible combinations of the eight variables pre-
sented in Table 4, and each model was subjected to pushover analysis. The strain demands
in the concrete and reinforcement at the fiber sections for each column were determined and
compared with the strain limits corresponding to the different damage states listed in Table
3. Subsequently, the drift demands associated with each damage state (DS) were identified
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23.00 ® Mean

21.00

—
~
o
o

16.13 |

; T 1431
14.10 .'. T

—3

—
w
o
o

Aspect Ratio (L/d)
fé))
o

s

._.
o .-
8 8

60x60 55x

wy

5 50x50 45x45 40x40

Square cross-sections (cmxcm)

Fig. 7 Descriptive error bars illustrating mean aspect ratio and variability (+2SD) for different column
cross-sections
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Table 4 Precast column models corresponding to different parameters

Parameters Symbol Unit 1 2 3
Square column section depth d m 0.35 0.50 0.60
Axial Load Ratio N/(A,f) - 0.05 0.1 0.15
Longitudinal reinforcement ratio p % 1.00 1.63 2.44
Transverse reinforcement ratio Pw % 0.35 0.78 1.22
Concrete strength f, MPa 25 45
Reinforcement Yield strength fy MPa 420 500

Column aspect ratio Lid - 10 14 18
Embedment depth to column depth ratio l/d - 1.0 1.5 2.0

—Pushover Curve gy

DS4-c,,

\_\‘&94-{ DSd- &,

Ds3

DS2 —

DS1

P 8 = 0 2 4 3 8 10 12 14 16 18
Lateral Drift (%) Drift Ratio (%)

@ (b)

0 1 2

Fig. 8 (a) Pushover response for a selected representative column and (b) damage state results based on
the drift ratio

from the pushover curve. As an illustrative example, the pushover curve and damage state
limits for a selected representative column are presented in Fig. 8a. Based on the analysis
results for all columns, the distribution of damage states in terms of drift demand is shown
in Fig. 8b.

Figure 8 demonstrates data points and box plots to provide information about each dam-
age state. The middle line of the box plot represents the median of the data points, while
the left and right borders of the box display the values at which the 25th percentile of the
data falls below and above, respectively. The figure also shows the lowest and highest data
points, excluding outliers. Outliers beyond these limits are marked with red lines. Damage
State DS1 occurs at low displacements, with drift ratios ranging between 0.06% and 0.53%.
This damage state can be considered as slightly damaged or undamaged, as the expected
structural response remains linear elastic. Therefore, the focus of the investigation was con-
centrated on the other damage states (DS2, DS3, and DS4), which have a greater influence
on seismic behavior. Drift ratio for second damage state, DS2, can range from 0.96% to
3.7% and the drift ratio associated with DS3 can range from 2.11% to 9.35%. Excluding
outliers, the drift ratio corresponding to the fourth and final damage state, DS4, ranges from
2.43% to 15.93% for core concrete crushing (g,,) and from 2.39% to 15.35% for buckling
of the longitudinal reinforcement (gy).
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5 Empirical equations for estimation of drift limits

Deformations at performance limit states can be simplified and mathematically formulated
for rapid assessment of precast columns in socket foundations. Thus, variation of the drift
ratios associated with the yielding, spalling, crushing, and ultimate tensile strain limits was
investigated statistically. The precast column data obtained from static pushover analysis
were used to develop predictive expressions. The data were taken from previous studies,
which were generated by statistically collecting geometric and mechanical information
about precast structures. These data include 2916 analyses with combinations of different
variables.

In this study, the Response Surface Methodology (RSM) was utilized to develop predic-
tive equations for drift ratios, based on the principle of applying polynomial regression to
the data in cases where a response is influenced by multiple independent variables (Bezerra
et al 2008). RSM was preferred due to its ability to provide a more effective method for
predicting the performance of data sets through polynomial regression, and it is reliable,
practical, and easy to apply (Nooraziah and Tiagrajah 2014; Kalita et al 2019). In the regres-
sion analyses, the general polynomial form used to estimate the displacement capacities of
precast columns is given in Eq. 9. The polynomial equation consists of linear and quadratic
terms. In the given equation, z; and x; represent the independent variables of the math-
ematical model. «;, a;; ve a;; correspond to the regression coefficients, oy is the constant
term, and y is the predicted variable expression.

Y=o+ Z ;T + Z 04“.2322 + Z QT T )

The Analysis of Variance (ANOVA) was used to statistically examine the parameters of the
polynomial regression model and to determine whether the effects of these parameters on
the damage limit states were significant (Montgomery 2013). The analyses were conducted
with a 95% confidence level, and the statistical significance of the parameters was evaluated
based on whether their p-values were less than 0.05. As a result of the analyses, the param-
eters with p-values greater than 0.05, which do not have a significant contribution in each
drift damage state, are shown with dashed lines, while the statistically significant parameters
and their percentage contributions are presented in Fig. 9. However, although some param-
eters at the damage limits were statistically significant, their percentage contributions to the
results might be low. In Fig. 9, the main factors that significantly affect the performance of
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Fig. 9 Percentage contributions of various parameters in different damage states
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precast columns and thus their drift ratios are highlighted in bold. It was also observed that
linear terms had a more pronounced and significant effect on drift ratios than the quadratic
terms.

As a result of the ANOVA analyses, regression analyses were performed by consider-
ing the statistically significant parameters with the highest percentage contributions. This
approach is important for reducing the complexity of the equations and for evaluating the
parameters that provide meaningful contributions. The proposed simplified equations for
predicting the drift ratios corresponding to four damage states, rebar yielding, cover con-
crete spalling, core concrete crushing, and rebar buckling are presented in Egs. (10-13). All
regression and ANOVA analyses were conducted utilizing the Minitab v22 (2025) statistical
software package.

Ay . L l N L
— = —1.182+40.004f, — 0.009 f. + 0.296p + 0.129— — 0.496~ + 0.138 —
2 (%) +0.004, fo+0.2960 +0.120~ -+ (Agfcd> (10)

Aspal

N L N l
=1.382+0.039 | — 1, 1.016p,, + 0.374— — 33.355 — 0.646—
() = 13520090 (001, )+ L0169, 03747 — 33355~ 0046, (11

ACU L N L
(%) = —1.493 + 0.222=d — 0.057f, — 33.327 +0.367% + 5.077p, + 0.008f, (12)
L d Agfe d
Ay L L N
L” (%) = 3.066 + 7.101d* + 0.243 (Epw) +0.90p,, +0.287 — 37756 - 0.00090f, (13)
glJc

As can be seen from Fig. 9, the aspect ratios (L/d) of the columns have the greatest influence
on the different damage states. Specifically, for DS2 and DS3, the contributions were over
63%, while for DS4-¢., and DS4-g,, this rate dropped to approximately 25% due to the
influence of other parameters. This indicates that the increase in the L/d ratio corresponds
to a significant increase in the damage limits. Previous experimental and analytical studies
have observed that the effect of the aspect ratio is a key parameter and has a significant influ-
ence on the obtained column drift ratio (Kowalsky 2000; Berry and Eberhard 2003, Sezen
and Moehle 2004; Raza et al. 2018; Ying and Jin-Xin 2018). For example, Kowalsky (2000)
stated that when the column aspect ratio exceeds 6, drifts significantly increase, and larger
elastic flexibility and deformation effects occur on the columns.

It is also seen that the transverse reinforcement ratio (p,,) is among the other signifi-
cant contributing parameters for DS3, DS4-¢, and DS4-¢,. There is a positive correlation
between the damage states and the increase in transverse reinforcement, and the increase
leads to larger drift ratios in the damage states. Similarly, previous studies have also shown
that transverse reinforcement ratios are an important variable controlling displacements
caused by reinforcement buckling, and an increase in the transverse reinforcement ratio
leads to higher drift ratios (Grira and Saatcioglu 1999; Berry and Eberhard 2005; Lehman et
al 2004). In the ultimate concrete strain equation proposed by Paulay and Priestley (1992),
the proportional relationship between p,, and ¢.,, has led to an increase in drift ratios for the
DS4-¢,, damage state, contributing 36.6%.

Furthermore, the comprehensive parametric study conducted by Paultre and Légeron
(2008) demonstrated that confinement effectiveness coefficient K. systematically varies
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with the section area ratio for different cross-section dimensions. Accordingly, the pres-
ence of the K, term in the buckling strain equation and the contribution of section area to
5.47% of the variance for the DS4—¢;,, damage state, confirms that cross-section dimensions
have an indirect but meaningful impact on the buckling performance. Similarly, Mander
et al (1988b) reported that transverse reinforcement configuration strongly influences K..
Considering the indirect influence of the transverse reinforcement ratio (p,,) on K., it can
be concluded that p,, makes a substantial contribution to the variance associated with the
DS4-¢,,, damage state. Moreover, the s/dj, ratio may also exert an indirect influence on the
DS4—¢,;, variance through its interaction with both longitudinal and transverse reinforce-
ment ratios. In this context, the notable contribution of approximately 27% (as shown in
Fig. 9) attributed to p,, highlights the dominant role of transverse reinforcement ratio in
governing the buckling behavior of precast concrete columns.

Regarding the axial load ratio (N/A,f,), it is observed to have a significant effect on the
drift ratios for DS3, DS4-g., and DS4-g,,. Together with the column aspect ratio (L/d),
the axial load ratio is identified as one of the two most critical parameters affecting the
spalling of cover concrete, contributing approximately 63.2% and 17.6%, respectively. This
result was consistent with the empirical expression proposed by Berry and Eberhard (2003)
for predicting the spalling of cover concrete. According to Ying and Jin-Xin (2018), the
decreasing effect of the increase in the axial load ratio on the drift ratios and deformation
capacity was associated with a decrease in the stiffness strength and a more dominant shear
behavior with the pinching effect of hysterical loops. Additionally, for the DS4-¢,;, damage
state, the axial load ratio (N/A,f”;) had a negative impact on the drift ratios, contributing
26.8% to the total variance. This indicates that an increase in the axial load ratio leads to
earlier buckling of the reinforcement. Some studies have also shown that an increase in axial
force accelerates buckling and reduces the deformation capacity of the column. (Ying and
Jin-Xin 2018; Goodnight 2015; Berry and Eberhard 2005).

As for the embedment depth ratio (1/d) of precast columns, it was observed that changes
in embedment depth between 1.0d-2.0d exhibited similar seismic performance for precast
columns in socket foundations in the final damage state associated with DS4. However,
while the effect on DS2 and DS3 was more significant than on DS4 damage state, the per-
centage contributions at 12.1% and 3.11%, respectively. In both damage states, the increase
in the embedment depth and hence the stiffness of the socket connection led to a positive
increase in drift ratios. Previous studies (Osanai et al 1996; Canha et al 2009; Xu et al 2021)
have shown that with decreasing embedment depth, stiffness degradation in socket columns
started earlier, and strains in longitudinal reinforcement at the column base were observed
to be larger.

The correlation between the predicted and measured values using the proposed equations
is comparatively presented in Fig. 10. The squares of the correlation coefficient (R?) in the
empirical equations presented as a function of different variables are also shown in the Fig.
10. The R? values range from 0.88 to 0.96, indicating that the points are not scattered and
there is a good correlation between the predicted values and the numerical results

In order to better assess the accuracy of the proposed equations, a comparison was made
between the parametric equations and various experimental results. In previous studies on
socket-based precast column tests (Karadogan et al 2013; Palermo et al 2007; Metelli et al
2011), yielding of reinforcement (DS2), spalling of cover concrete (DS3), and buckling of
reinforcement (DS4-¢,;,) were reported. However, due to the more subjective approaches of

@ Springer



Bulletin of Earthquake Engineering (2026) 24:1787-1817 1807

45 12
DS2
4 R>=0.96

3 u
O ow b

Measured drift ratio (%)
Measured drift ratio (%)

o

05

18 DS4-gy,

w S

Measured drift ratio (%)
Measured drift ratio (%)

woos o

0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
Predicted drift ratio (%) Predicted drift ratio (%)

Fig. 10 Measured and predicted drift ratios for different damage states

the experimental data related to the crushing of core concrete (DS4-¢,), there has not been
a clear experimental report corresponding to the drift ratio for this damage state. Table 5
presents the properties of the experimentally tested square-section precast column speci-
mens along with the corresponding drift ratios for each damage state and compares these
experimental results with the predictions of the proposed equations. Figure 11 shows the
error rates between the predicted values obtained from the equations and the experimen-
tal data. When evaluating the damage states, the error rates for DS3 and DS4-g,;, were
observed to range between 1.42% and 35.89%. In the case of the DS2 damage state, which
corresponds to the yielding of reinforcement, the error rates ranged from 0.02% to 33.7%.
Overall, the average error rates were calculated as 11% for DS2, 11% for DS3, and 12% for
DS4-¢,;,. These results show that the drift ratios predicted by the proposed equations are in
good agreement with the experimental data and can be predicted with sufficient accuracy.

6 Fragility curves for precast columns

As discussed in the previous sections, determining deformation limits helps engineers iden-
tify areas that may have experienced structural damage. In the analyses, material strain
limits were used as a basis to determine the drift ratio corresponding to the damage levels
in the plastic hinge region of the precast columns in socket foundations. It will be important
to identify appropriate probabilistic distributions for each damage level calculated based on
strain limits and to analyze them statistically. For this purpose, fragility curves based on drift
demands can be developed to estimate the likelihood of reaching or exceeding these dam-
age levels of precast columns. In this regard, drift-based fragility curves may be useful for
structural performance evaluation of the socket column under seismic loading conditions.
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Previous studies in engineering research have developed drift-based fragility functions
for the performance evaluation of reinforced concrete elements. Aslani (2005) developed
drift-based fragility curves for specific damage states related to non-ductile reinforced con-
crete columns and slab-column connections based on an experimental database. Zhu (2005)
developed fragility curves for key parameters, including the aspect ratio, based on a 20%
reduction in the horizontal load capacity of reinforced concrete columns. It was determined
that the aspect ratio caused wider dispersion in the fragility curves, and changes in column
height created significant differences in the collapse probability for the same drift demand.
Ruiz-Garcia and Ramos-Cruz (2024) presented drift-based fragility curves for reinforced
concrete columns with low ductility levels, obtained from experimental data. In the study,
the impact of column aspect ratio and axial load ratio on the fragility curves was investi-
gated. In the evaluation of damage states, it was determined that columns with an aspect
ratio greater than 2 had lower exceedance probabilities compared to those with a lower
aspect ratio.

Using the drift values corresponding to each damage state calculated for precast socket
columns, the probabilities of exceeding these damage states were determined by the
cumulative distribution function (CDF), and drift-based fragility curves were generated.
To evaluate damage probabilities based on drift values, theoretical fragility curves can be
derived using Eq. 14 under the assumption of a lognormal distribution. In this equation, £
and fun () are the standard deviation and the mean of the lognormal probability distribution
corresponding to the drift-based damage states, respectively. ¢ denotes the standard normal
cumulative distribution.

(14

B

Empirical cumulative distribution function of damage state was also plotted and calculated
based on drift values. Sample data drifts were subsequently arranged in ascending order,
associated probability was calculated with (i —0.5) /), where i indicates the position of
each the drift ratio (¢) and n is total number of specimen at given damage states. This
approach illustrates the empirical cumulative distribution of drift ratio for different damage
states.

Kolmogorov-Smirnov (K-S) goodness-of-fit test with 5% significance level was used
to determine whether the lognormal distribution is appropriate to represent the empiri-
cal distribution (Benjamin and Cornell 2014). According to this hypothesis, if data points
fall within lower and upper confidence bounds, the computed distributions are considered
acceptable for the significance levels. Additionally, if the p-values obtained from the K-S
test are greater than the 5% significance level, it indicates that the null hypothesis (H) is
not rejected, and the distribution is appropriate for the data. The analysis showed that the
lognormal distribution adequately represents the empirical distribution at the DS4 damage
states.

In other damage states, it was observed that other probability distribution types were
more suitable than the lognormal distribution for better representation. The 3-Parameter
Weibull distribution aligns well with the data for DS2 and DS3 damage states. In addition to
the scale and shape parameters of the two-parameter Weibull distribution, this distribution
includes a location parameter that allows the distribution to be shifted along the horizontal
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Fig. 11 Comparison of experimental and predicted results

axis, and the cumulative distribution function can be defined using all three parameters. It
was observed that, above the location parameter, the distribution provides a good fit to both
the probability and scatter of the observed damage data.

Figure 12 shows the graphical representation of the fragility curves and applied K-S tests
at the 5% significance level. It can be observed that data points lie within the confidence
bounds. Therefore, probability distributions are appropriate to describe the empirical distri-
bution. As a result of all the K-S tests, fragility curves for DS2, DS3, and DS4 damage states
were obtained and found to be suitable. Table 6 shows the statistical parameters of fragility
curves obtained for the different damage states.

6.1 Influence of aspect ratio and embedment depth

The columns in precast structures, unlike traditional residential buildings, have much larger
aspect ratios and often greater than 10, indicating that flexural behavior is more dominant
in these columns. Although drift-based fragility curves have been developed for low aspect
ratios (L/d<6) in the literature (Aslani 2005; Zhu 2005; Ruiz-Garcia and Ramos-Cruz 2024),
considering the behavior of precast columns with high aspect ratios, it would be meaningful
and effective to examine fragility curves for different L/d ratios. Also, as mentioned before,
the aspect ratio has been highlighted as an important parameter controlling the drift ratios.
As a second parameter, examining the effect of changes in the embedment depth ratio (1/d)
on the exceedance probabilities of the damage states through fragility curves could be sig-
nificant for evaluating the performance of precast socket columns and better understanding
their behavior.

The relationship between drift ratio and damage states (DS2, DS3, DS4) along with the
fragility curves of precast socket columns with different (L/d) and (1/d) ratios is presented
in Fig. 13. The fragility functions and curves were developed following a procedure similar
to that described in the previous section. Each graph representing a damage state shows the
5% confidence interval obtained using the Kolmogorov-Smirnov goodness-of-fit test, with
these bounds indicated by dashed lines. All data points lie within these bounds, leading
to the conclusion that the lognormal distribution provides a good fit and is an appropriate
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Fig. 12 Fragility curves for precast socket columns considering various damage states

Table 6 Statistical distribution parameters of different damage states

Damage Distribution Location Scale Shape Threshold P value
State

DS2 3-Parameter Weibull - 1.882 1.195 0.9319 0.052
DS3 3-Parameter Weibull - 1.904 3.072 2.093 0.061
DS4-¢, Lognormal 1.943 0.394 - - 0.051
DS4-gy, Lognormal 1.956 0.382 - - 0.052

distribution type. The p-values corresponding to the statistical results after the K-S test are
provided in Table 7.

According to the fragility analysis results, variations in the aspect ratio (L/d) led to sig-
nificant differences in drift capacities in all damage states. In general, the fragility curves
show that at the same damage level, as the aspect ratio increases from lower to higher
values, the probability of reaching or exceeding a damage state occurs at larger drift ratios.
For example, in the DS2 damage state and at the same embedment depth (I/d=1.0), the
drift ratio corresponding to a 50% exceedance probability is 2.89% for columns with a high
aspect ratio (L/d=18), while it drops to 1.59% when the aspect ratio decreases to L/d=10.
Similarly, in other damage states, columns show more fragility as the L/d ratio decreases.

Evaluating the fragility curves in terms of the embedment depth ratio, the higher per-
centage contributions observed in the DS2 and DS3 damage states resulted in a more pro-
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Fig. 13 Influence of aspect ratio (L/d) and embedment depth ratio (I/d) on drift-based fragility curves for
precast socket column according to different damage states: (a-b-c-d) L/d=10, (e-f-g-h) L/d=14.0 and
(i-j-k-1) L/d=18.0

Table 7 p-values of K-S test for different aspect ratios and embedment depth ratios

Damage  L/d=10 L/d=14 L/d=18
States Id Id Id I/d 1/d 1/d 1/d 1/d 1/d
1.0 1.5 2.0 1.0 1.5 2.0 1.0 1.5 2.0
DS2 0.206 0.328 0.262 0.449 0.608 0.590 0.312 0.377 0.546
DS3 0.677 0.698 0.551 0.430 0.302 0.240 0.971 0.798 0.758

DS4-¢, 0.789 0.820 0.768 0.489 0.625 0.553 0.141 0.054 0.150
DS4-g,, 0.525 0.481 0.435 0.567 0.536 0.431 0.173 0.160 0.139

nounced change in the fragility curves. The Fig. 13 shows that an increase in the embedment
depth of the precast column caused a decrease in drift ratios. However, as the aspect ratio
(L/d) decreases from 18 to 10, the variation in drift ratios at different embedment depths
diminishes. This behavior is due to the fact that the theoretical column stiffness is inversely
proportional to the cube of the column length. The increase in column height reduces the
stiffness at the socket column-to-foundation connection, which leads to an increase in the
drift ratios. Thus, at larger L/d ratios, a deeper embedment depth is required to meet the
higher stiffness demand. For this reason, the fragility curves for different embedment ratios
(I/d) exhibit less dispersion for columns with lower aspect ratios.
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7 Conclusions

In this study, drift ratios were employed to define different damage states of square sec-
tion precast columns in socket foundations, and simplified expressions were formulated to
predict these damage states. Additionally, a theoretical equation was developed to estimate
the stiffness of the socket connection by considering the moment-rotation relationship. The
stiffness equation was integrated into the nonlinear behavior model, allowing the effect of
the socket-foundation connection to be considered in the damage states. A database was cre-
ated based on information obtained from the studies on precast structures in the literature,
and column models incorporating various design parameters were generated. The nonlinear
behavior of these columns was simulated using a fiber-based finite element model. The
obtained results were subjected to statistical analyses to evaluate the effects of different
parameters on the damage states and the developed expressions. The main conclusions from
the analysis are as follows:

o When assessing the influence of various design parameters on damage states, the col-
umn aspect ratio (L/d) was found to significantly affect drift demands. Fragility curves
also indicate that the reduction in drift ratios corresponding to different damage states
becomes more pronounced.

o Changes in the embedment depth of the socket column influenced the damage states
associated with longitudinal reinforcement yielding (DS2) and cover concrete spalling
(DS3), while the ultimate drift capacity corresponding to DS4 showed negligible vari-
ation.

e The fragility curves also show that increasing the column length decreases the rotational
stiffness of the socket-foundation connection, leading to higher drift ratios. As a result,
larger embedment depths (1) are required for socket columns with high L/d ratios, espe-
cially for the DS2 and DS3 damage states.

e Comparisons with experimental results for the estimation of drift ratios corresponding
to the damage states show that the column capacities are predicted with reasonable ac-
curacy. The proposed equations can be used for the approximate estimation of damage
states during the initial design phase of socket columns.

e The drift ratio equations formulated in this work are applicable only to flexure dominat-
ed square-section precast columns, and further investigation is needed to extend these
models to rectangular-section columns. Additionally, the applicability of the proposed
equations is limited to the parameter ranges employed in this study.

e In traditional designs and analyses, the rotational flexibility of socket-foundation con-
nections is often neglected, and precast columns are assumed to be rigidly connected
to the foundations. The simplified equation developed to predict the rotational stiffness
of the socket—foundation connection can be used to account for connection flexibility
in the design of columns and foundation. However, the behavior of the foundation—soil
interface could be further investigated to assess its potential influence on column lateral
deformations and damage states.
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