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Concrete creep weakens the spring stiffness of stud shear connectors (SSCs) and
increases the long-term deflection of long-span composite beams. The time-
dependent properties of SSC are of great importance for the long-term evaluation of
composite steel construction. This paper proposes the time-dependent stiffness (TDS)
method based on the analytical solution of the beam on a viscoelastic foundation to
simulate the SSC under the sustained push-out load. TDS method combines beam theory
and the viscoelastic property of hardened concrete. The long-term slip of SSC is predicted
by hand calculation of the explicitly expressed governing equation, and it is close to the
refined finite element analysis (FEA) results. The constants and parameters used to
determine TDS seem to be insensitive regarding geometric and material variation. TDS
may provide a simplified method to incorporate the time-dependent partial interaction into
complex composite structures by saving the consumption of computer storage and
advanced modeling time which are usually required in the refined modeling at the steel-
concrete interface, especially when the long-term properties of concrete are of interest.

Keywords: stud shear connector, long-term behavior, shear stiffness, aging coefficient, beams on Winkler
foundations

INTRODUCTION

SSC is the most widely used connectors for composite steel construction owing to its isotropic shear
performance in the shear plane, mature and convenient welding technology, and stable quality
assurance (AASHTO, 2012). When considering the creep and shrinkage characteristics of concrete,
under the long-term constant load, the deformation of the steel-concrete composite structure will
increase with the development of time, which will affect the normal service performance of the
structure. Gilbert and Bradford (1991) conducted an experimental study on the time-dependent
behavior of steel-concrete simply supported composite beams under long-term constant load. The
results show that the long-term deformation of composite beams with concrete creep shrinkage for
250 days is about twice the initial deformation. The concrete creep is significant for the long-term
behavior of composite beams. To predict the long-term behavior of composite beams, Al-Deen et al.
(2011) and Ban et al. (2015) conducted FEA using spring elements to represent the SSCs at the steel-
concrete interface. Without considering the slip at the interface, the deformation of the beam may be
underestimated. Al-Deen et al. (2011) also conducted a long-term push-out test of SSC. The test
results showed that under the long-term constant sustained push-out load, the relative slip after
432 days is approximately twice of the instantaneous slip. It indicates that the stiffness of SSC
decreases with the increase of loading time. Mirza and Uy (2010) conducted a finite element analysis
of the long-term push-out test of SSC used in composite slab with profiled steel sheets. The results
showed that the ultimate resistance and the stiffness of SSC decreased with the development of time.

Frontiers in Mechanical Engineering | www.frontiersin.org 1

June 2022 | Volume 8 | Article 884111


http://crossmark.crossref.org/dialog/?doi=10.3389/fmech.2022.884111&domain=pdf&date_stamp=2022-06-06
https://www.frontiersin.org/articles/10.3389/fmech.2022.884111/full
https://www.frontiersin.org/articles/10.3389/fmech.2022.884111/full
http://creativecommons.org/licenses/by/4.0/
mailto:liurong1983@hhu.edu.cn
https://doi.org/10.3389/fmech.2022.884111
https://www.frontiersin.org/journals/mechanical-engineering
www.frontiersin.org
https://www.frontiersin.org/journals/mechanical-engineering#articles
https://www.frontiersin.org/journals/mechanical-engineering
https://www.frontiersin.org/journals/mechanical-engineering#editorial-board
https://doi.org/10.3389/fmech.2022.884111

Liu et al.

Liu et al. (2020a) reported the stress redistribution of the long-
term loaded studs with the great increase of local stress
concentration at the shank-plate weld toes. Concrete creep
plays as an important role for the stress concentration of SSC.
Generally, local stress concentration may decrease the fatigue
resistance of SSC (Liu et al., 2020b). It implies that the concrete
creep may have influence on the fatigue behavior of SSC. For
concrete creep, numerous models have been applied to predict
the long-term behavior (Liu et al., 2021). Besides the concrete
elements, the anchorage concrete of connectors may enlarge the
long-term effects. A constant shear stiffness cannot predict either
the shear force or the slip of the connector (Liu et al., 2020c).
Limited researches have been carried out to clarify the long-term
behavior of SSC, though the time-dependent material properties
of concrete may not only affect the concrete components but also
the steel-concrete inter connection, considering the slip increase,
ultimate strength reduction, and the stress redistribution
potentially deteriorating its fatigue resistance. This paper focus
on how to predict the time-dependent slip of SSC using the
analytical approach.

Considering the tedious time consumption of long-term tests
and the experience-based refined FEA application, hand
calculation of SSC is of interest in design application. Lots of
tests have been conducted to determine the short-term shear
stiffness of SSC. Semi-empirical equations representing the load-
slip curve (Xue et al., 2008) or secant shear stiffness of SSC (Lin
et al., 2014) have been proposed. However, few studies on TDS of
SSC have been conducted. Al-Deen et al. (2011) used the age
adjusted effective stiffness (AAES) of SSC, as shown in Eq. 1, to
simulate the time-dependent behavior of composite beams.

K.(t,7) = Kini (1) (1)
1+, (6 1), (t, 1)

Where, K. (t, 7) is the effective stiffness of SSC adjusted according
to the load age t and loading time t. Ki,; (7) is the shear stiffness of
SSC at the loading age 7. It is equivalent to the initial
instantaneous shear stiffness. y, (f, 7) is the aging coefficient
of SSC. It is 0.75 for primary loads and 0.55 for imposed
secondary loads like shrinkage. ¢, (f, 7) is the creep
coefficient of the connector, and it is proportional to the
concrete creep coefficient ¢, (¢, 7), as shown in Eq. 2.

¢sc (t’ T) = ‘xscq’c (t’ T) (2)

Where, a is determined according to the long-term push-out
test results of SSC. Al-Deen et al. (2011) set a. as a constant value
of 0.4 without mathematical explanation or parametric test
calibration. Ban et al. (2015) also used Eq. 1 to determine
TDS of SSC without further investigation of a,. Since few
tests of long-term loaded SSC are available, analytical study of
SSC under sustained loading is of urgent to provide reasonable
solution and reliable parameters for TDS. The analytical solution
of TDS for SSC with variable geometric parameters and time-
dependent material properties of concrete has not been
obtained yet.

Analytical study of SSC under short-term push-out load might
be idealized and simplified as the beam on elastic foundation
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FIGURE 1 | Long-term deformation of stud shear connector.

which yielded analytical solution (Winkler, 1867). Many scholars
have carried out theoretical research on the deformation and
stress of SSC based on the elastic foundation beam theory. Slutter
(1966) explored the deflection equations under concentrated
shear force and concentrated bending moment. Gelfi and
Giuriani (1987) simplified the differential equations based on
the displacement boundary condition of the infinite beam, and
deduced the deflection of SSC and the corresponding initial shear
stiffness. Akao et al. (1987) assumed that the rotation of SSC was
limited, and derived the deflection expression of SSC using the
beam on elastic foundation theory. Lin et al. (2014) used the
initial parameter to solve the differential equation of the finite-
length beam, and deduced the expression of the initial shear
stiffness of SSC. Push-out test results were analyzed to determine
the equation of short-term shear stiffness. Xu and Liu (2016)
deduced the initial shear stiffness equation of SSC covered by
rubber sleeves. However, all of these analytical studies assume
that the soil springs of the elastic foundation exhibit constant
modulus of subgrade reaction or spring stiffness. However,
considering the viscoelastic behavior of concrete creep, the
spring stiffness of the foundation is time-dependent and it is
affected at least by the loading age, loading time, and the push-out
load. Thus, the previous analytical solutions of SSC under push-
out loads have not covered the long-term behavior of SSC and
further research is needed.

This paper aims to derive the analytical solution of TDS for
SSC under long-term loading. We introduce the viscoelastic creep
properties of the foundation by using the time-dependent spring
stiffness to improve the available beam on elastic foundation
theory with constant settlement stiffness. The proposed equation
is checked with FEA results and available equations to calibrate its
accuracy. The parameters, like stud geometry, concrete strength,
cure age and load time, are examined to check the sensitivity of
TDS. Compared with previous researches, the major difference of
this paper is the analytical solution of TDS. It is obtained via the
combination of the beam on elastic foundation and concrete
creep after introducing two additional arguments curing age 7
and loading age ¢ into the governing equations. The solution
yields improved analytical accuracy considering the geometric
and material variation.
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ANALYTICAL MODEL OF STUD UNDER
SUSTAINED PUSH-OUT LOAD

Conception of Time-Dependent Shear

Connectors

As shown in Figure 1, SSC combined with the steel beam and the
concrete slab is mainly used to bear the shear force on the
interface and transmit it to the compressed concrete in contact
with SSC. SSC and the concrete are within the local range of the
shank. Additional deformation occurs, causing relative slip at the
steel-concrete interface. As the age of concrete increases, the
compressive concrete on the stud foot undergoes creep
deformation under the action of local stress. During the
deformation process, SSC and the compressed contact surface
of the concrete are always in close contact, resulting in an increase
in the deformation of SSC and the relative slippage of the
interface. With the increase of loading time, in the long run,
the interface between steel and concrete may cause combined
damage, concrete cracking and other deterioration. The long-
term slippage of the interface is related to the material and cross-
sectional properties of the stud and the material properties of the
concrete. The long-term shear resistance of the stud depends on
the combined action of the concrete and the stud. In the
theoretical analysis of the time-dependent behavior of SSC, the
elastic foundation beam theory that can consider the concrete
deformation is adopted. At this time, SSC and the concrete of the
hole wall can be compared as a local elastic foundation beam. For
the creep problem of concrete in the normal use stage, it is
generally based on the linear creep theory analysis. At this time, it
is considered that both steel and concrete materials are in the
elastic stress range. The effective modulus E. (t,7) adjusted
according to the age is used to replace the initial elastic
modulus E. (7) of concrete, and the creep deformation is
included in the elastic deformation. The calculation is simple
and the accuracy is high. This idea is introduced into the beam
model of elastic foundation, and the influence of creep of concrete
foundation on beam deformation and mechanical performance
can be analyzed.

Basic Assumptions

In order to simplify the theoretical derivation of TDS of SSC, the
following reasonable assumptions are made according to the
long-term stress mechanism of welding studs: 1) The
deformation of SSC section conforms to the assumption of the
plane section; 2) During the creep period, the concrete is regarded
as the Winkel foundation, and the shear deformation is ignored;
3) Concrete and steel are regarded as elastic homogeneous
materials during creep; 4) The axial force of SSC and the
friction force of the contact surface with the concrete are
ignored; 5) During the creep period, SSC and the concrete
compression contact surface are always in close contact.

Governing Differential Equations

The original theory of beam on elastic foundation is shown in Eq.
3a (Winkler, 1867). The pressure p over the x-y plane results in
vertical deflection w with the constant spring stiffness k.
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FIGURE 2 | Concepts of a beam on viscoelastic foundation.

p(xy)=k-w(xy) (3a)

Utilizing the theory of beam on elastic foundation, the SSC
embedded in concrete blocks is simplified as Eq. 3b (Lin et al.,
2014). Where, R is the reaction force, y is the deflection.

R(x)=k-y(x) (3b)

To include the concrete creep effects, the reaction force and the
deflection should be time-dependent with varying loading
duration f-7. Thus, two new arguments, the concrete curing
age 7 and the loading time ¢, are introduced. Besides, the
spring stiffness should not be constant since the concrete
creep shows both strain-dependent and stress-dependent
behavior. Improving Eq. 3b with the time-dependent material
properties, this paper develops the governing equations of SSC
under sustained loading.

Figure 2A shows the force mode of the push-out test stud
connector, the stud diameter dj, the height h, the elastic modulus
E,, and the bending moment of inertia I,. Taking the centroid of
the root section of the welding nail as the origin, the longitudinal
direction of the shank is the x-axis, and the vertical direction is the
y-axis, and a rectangular coordinate system is established.

The root of SSC bears the vertical concentrated shear force Q,
(t, 7) at the age t, the reaction moment M, (f, 7) is generated by the
constraint of the steel beam flange plate, and the reaction force R
(x, t, 1), the load of the rest of SSC is basically 0, which is not
considered in the analysis. During creep, the reaction force R (x, f,
7) of the concrete foundation at any point along the longitudinal
direction of the shank is proportional to the deformation y (x, t, T)
at that point, that is,
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R(x,t,7) =k(t,7) - y(x,t,7) = k. (t,7) - b- y(x,£,7)  (3¢)

In Eq. 3¢, 7 is the loading age; k (f, 7) is the foundation constant or
Winkel constant, in MPa, and k (f, 7) is a constant in the concrete
foundation with age f; k. (t, 7) is the effective modulus of the concrete
foundation during creep, in MPa/mmy; b is the transverse effective
distribution width of SSC, and b is about 0.8d,. Gelfi and Giuriani
(1987), Lin et al. (2014), Zheng and Liu (2014) and others believed
that the modulus of concrete foundation is proportional to the elastic
modulus. After considering the creep effect of concrete, the age-
adjusted effective modulus method (AEMM) proposed by Bazant
(1972) was used to adjust the modulus of concrete foundation at the
loading age 7, then the effective modulus of the concrete foundation
at the loading time ¢ is:
ko (1)

ke(b1) = 17 v.(61) 9. (1) @)

In Eq. 4, k¢ (7) is the modulus of concrete foundation at the initial
stage of loading; y. (t, 7) is the aging coefficient of concrete; ¢ (t,
7) is the creep coefficient of concrete.

The differential element of elastic foundation beam with
interception length dx is used to establish the equilibrium
differential equation, as shown in Figure 2B. The specified
shear force Q (x, t, T) makes the element rotate clockwise and
the section bending moment M (x, ¢, T) makes the element pull-
down and upward pressure positive, and the supporting reaction
force R (x, t, 7) points to the element is positive. Taking the
loading time ¢ as an example, according to the vertical
equilibrium of the internal force of the element and the
moment equilibrium of the right end of the element, we can get:

dQ(x,t, 1)
T_k(t’ 7). y(x,t,7) (5)
QU t,r) = 2L ©

Substitute Eq. 6 into Eq. 5 to get:

dQ(x,t,7)  dM(x,t,1)
P = I =k(t, 1) y(x,t,7) (7)

Using the differential equation of beam flexural deformation
and substituting into Eq. 7, the equilibrium differential equation
of the elastic foundation beam is obtained:

d*y(x,t,71)

_EsIs
dx*

=k(t, 1) - y(x,t,7) (8)
Equation 8 can also be rewritten as a fourth-order constant
coefficient homogeneous differential equation:

d*y(x,t,7)

I +4a(t, 1) y(x,t,7)=0 9)

Where, « (£, 7) is called the characteristic coefficient, and its value
depends on the ratio of the foundation constant k (¢, 7) to the
flexural stiffness EI; of the beam section, and the dimension is
(length)’l, for the convenience of notation, and « (f, 7) is
uniformly represented by o below.

The general solution of homogeneous Eq. 9 is:

Time-Dependent Stiffness of Studs

TABLE 1 | Classification of beams on elastic foundations considering creep.

Types Loading age t Creep time t
| Long Long

Il Long Moderate

1l Moderate Moderate

y(x,t,7) = e [A) cosax + A, sinax] + e* [A; cos ax

+ A4 sinax] (10)

Where, A}, A,, Az, and A, are integral constants, and their values
are determined according to the known boundary conditions.

Boundary Conditions

The relative stiffness of the beam and the foundation has an
important influence on the stress state of the foundation beam.
The relative stiffness is generally characterized by the characteristic
length ahs. According to the value of ohs, the beams can be divided
into the following three categories (Hetenyi, 1958):

1) Short beam: ahg < 1/4, the bending deformation of the beam is

very small compared with the deformation of the foundation. In

most cases, the bending deformation of the beam can be ignored,
and the beam can be considered to be absolutely rigid at this time.

Moderate beams: n1/4 < ah, < 7, the load acting on one end of

the beam has limited influence on the other end and cannot be

ignored. In this case, it is necessary to use the initial parameter
method to accurately calculate the deformation and force of
the beam.

3) Long beam: ahg > m, the displacement and force at both ends
of the beam do not affect each other. When studying the force
and deformation at one end of the beam, it can be assumed
that the other end of the beam is infinite. According to the
distance between the load and the beam ends, it can be divided
into are infinitely long beams and semi-infinitely long beams.

2

~

In construction and bridge engineering, the commonly used SSC
are generally 10-30 mm in diameter, 50-400 mm in length, and the
concrete strength is between C15-C70 (Lin et al, 2014). The
calculated characteristic length ahg is greater than n/4. Therefore,
SSCs for engineering are generally calculated as medium-long beams
or long beams. The deformation of the foundation and the beam are
considered in the calculation of these two types of beams, and there is
no difference in essence. The influence of the boundary conditions at
both ends on the beam deformation and internal force is relatively
complicated to calculate, but the calculation accuracy of the
deformation and internal force at the right end of the beam is
high. If the foundation beams are strictly classified according to ahs,
the foundation becomes soft after considering the creep effect of
concrete. Taking 10 years of creep as an example, the supporting
stiffness k. of the foundation is generally reduced to 30%-60% of the
initial loading, and the corresponding characteristic length ok
Reduced, there may be three cases of changes in the type of
foundation beams as shown in Table 1. In the mathematical
derivation, it needs to be classified and discussed according to the
change of the foundation beam type, and the derivation is
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cumbersome and of little significance. Aiming at the limited length of
SSC, this paper adopts the initial parameter method to theoretically
deduce according to the type of moderate and long beams.

When Lin et al. (2014) and Xu and Liu (2016) derived the
expression of the initial shear stiffness of SSC, for SSC connector with
athg >5, it is considered that the deflection and rotation angle of the
top of SSC are basically 0, that is, the right end of the foundation
beam is completely consolidated. The deformation capacity of SSC is
characterized according to the deflection of the beam root. When the
concrete undergoes time-dependent deformation, the boundary
conditions at the ends of SSCs change continuously with age. It
is very complicated to calculate the long-term deformation of SSCs
precisely. It is necessary to simplify the boundary conditions of the
foundation beam model during creep. According to the long-term
stress mechanism of SSC, the overall vertical slip of SSC in the
concrete has little effect on the end force, and the bending
deformation accounts for more than 80% of the relative slip of
the steel-concrete interface, which is an important component of the
interface slip. part. Therefore, it is reasonable and feasible to use the

bending deformation to characterize the long-term deformation
ability of SSC, assuming that the top of SSC is always
consolidated during the creep period, and the rotational freedom
of the root of SSC is completely constrained by the steel girder flange
plate (assuming that the stiffness of the steel girder flange plate is
infinite). The boundary conditions of the stud connectors in the
push-out test during creep are simplified as follows:

B (t) =0, Qo(t)=-P
6,(0=0, 7, (H)=0

Where, P is the vertical shear force along the positive direction of
the y-axis applied to the root of SSC; according to the four known
boundary conditions of Eq. 11, the four integral constants A;-A,
in Eq. 10 can be obtained.

(11)

Solution of Equations
For the problem of moderate and long beams, the four integral
constants A;—A, are changed to the four parameters y, (¢, 7), 6, (¢,
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7), My (t, 1), Qo (¢, 7). Introducing the hyperbolic function shax =
€=~ and chax = “%£=, Eq. 10 is further rewritten as:

y(x,t,7) = chax[B; cos ax + B, sin ax] + shax[B; cos ax
+ By sinax) (12)
Derivation of the above Eq. to find the initial parameters of the
beam end point O:
}’(Oat,T) = ;Vo(f) T) =B
y'(0,5,71) = ¢,(t,7) =a-B,+a- Bs

(13)

_QO (t’ T)

n 0’ t, —
¥ (0,t,7) EL

=2a’-B, -2 - Bs
Then the four integral constants B;-B, are expressed as:

Bl = Yo (t’ T)
— (PO (t) T) _ QO (t: T)
2 40’ - E(I,
— ¢0 (ta T) + QO (t> T)
2a 40® - EJ,
_ MO (t’ T)
T 2’ EL

B,

Y

(14)
B;

Substitute Eq. 14 into Eq. 12 and reorganize:

y(x,t,7) = A(ax) - yo(t,7) + B(ax) -

MO (t’ T)
a?-EJ,

@, (t,7)
fod
. QO (t) T) (15)

- C(ax) 7 El

D(ax)

In Eq. 15, A (ax), B (ax), C (ax), D (ax) are functions defined as
follows:

A(ax) = chax - cos ax
chax - sinax + shax - cos ax
B(ax) =
2
shax - sinax - (16)
Clax) = ———
2
chax - sinax — shax - cos ax
D(ax) = )

Derivation of Eq. 15 to find 0 (x, t, 7), M (x, t, 1), Q (x, t, 7), and
write them in matrix form:

y(x,t,7) A B -C -D
0(x,t,1) B —4aD aA —aB —-aC
M(x.t,7) [ ~ | EI, -4C EJ,-4D EJ,-o*A EI -o’B

EJ,-4&’B E.,-4a’C
Yo (t, 1)
@, (t,7)
o
Xy My(t,1) (17)
« - E
Q(t7)
o - E],

Q(x,t,7) —EJ,-4&’D E,-a’A

Substitute the four boundary conditions of Eq. 11 again to obtain
the initial parameters y, (£, ) and M, (t, 7):

p
Yol = G (ahy) - B(ah)D (ahy)
1
A (ahy)B (ahy) + 4C (ah,)D (ahy) (18)
2
M, (6,7) = p 4D” (ahy) + A (ah)C (ahy)

o A(ah,)B(ahy) + AC (ahy)D (ahy)
The time-dependent shear stiffness of SSC is:

K (t, 1) =

Yo (1)

Bl [k(t, T)]3/4A(ochs)B(ochs) +4C (ah,)D (athy)
| 4E I, C2 (ah,) — B(aths)D (athy)

= [k(t, D' EY*d, - Z,,

(19)
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FIGURE 7 | Time dependent relative slip with increasing stud diameter.
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In Eq. 19, Z,, is a simplified coefficient term. When ah; >3, its
value is little affected by the change of ahs, and it is considered to
be constant. Equation 19 is further simplified into the form of
reducing the initial shear stiffness Ki,; (t) of SSC,

3/4
K5 (t, T) = L
1+y (t, 7). (t 1)

EiMdSZm _ Kii (7) (20)

[1+y.(EDg. (60"
In Eq. 20, y. (t, 7) is the aging coefficient of concrete, which is
determined by back calculation based on the results of tests or solid
finite element calculations; ¢. (t, 7) is the creep coefficient of concrete,
calculated by using the creep model recommended by the code; Kiy,; (7)
is the initial shear stiffness of SSC, and it can be determined by Eq. 21.

Kii (1) = [k(t,D)1"EY*d, Z,, (21)

Gilbert and Bradford (1991) put forward the expression of the
concrete foundation constant k (1) at the initial stage of loading,
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FIGURE 8 | Aging coefficient with increasing stud diameter.

E (1)
B

In Eq. 22, E. (1) is the initial elastic modulus of concrete; 5 is the
factor of the ratio function of welding stud diameter and spacing,
and its range is between 2.5 and 3.3, regardless of age. Substitute
Eq. 22 into Eq. 21, simplify to get Eq. 23.

k(7) = (22)

Kini (1) = EX7E*”d, - ¢ (23)

In Eq. 23, ¢ is the simplification coefficient which is
determined according to the back calculation of the initial
shear stiffness test data of SSC. Lin et al. (2014) calculated the
initial shear stiffness of SSCs based on the shear push-out test
data of 99 SSCs, and calculated the initial shear stiffness of
SSCs by taking the slope of the secant line of the shear force-
slip curve corresponding to the slip of 0.2 mm, and the linear
regression obtained ¢ was 0.32.
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VERIFICATION OF ANALYTICAL RESULTS

At present, there are few experimental data on the time-dependent
behavior of welding studs, and most of them are analyzed based on
solid finite element models. In this paper, a solid finite element
model is established by taking the shear push-out test of a welding
stud connector with a diameter ds of 19 mm and a height of h of
100 mm as an example. The push-out specimens include concrete
blocks, 310UB40 I-shaped steel members (AS, 2010), SSC and
reinforcement with a diameter of 12mm. The detailed
dimensions of the specimens are shown in Figure 3. Both
concrete and steel are considered as linear elastic materials. The
cylindrical compressive strength of concrete is fy = 40 MPa, the
initial elastic modulus E. = 36268 MPa, and the steel elastic modulus
E, =200 GPa. On the 29th day after the concrete was poured, a load
of 130 kN was continuously applied on the top of the steel member,
and the shear force P obtained by the even distribution of the root of
each welding stud was 32.5 kN. The average relative humidity of the
environment is 70%. The fib MC 2010 creep model is used to
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FIGURE 11 | Time dependent relative slip with increasing loading age.
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FIGURE 12 | Aging coefficient with increasing loading age.

calculate the creep coefficient, and the concrete creep coefficient ¢
(3650, 29) is about 1.629 when the loading age is 10 years. The creep
effect is calculated by the step-by-step method (SSM) with improved
precision (Liu et al., 2021). The whole creep process is divided into 20
steps. The slip measurement points of steel and concrete on the
interface are shown in Figure 3, and the average relative slip of the
upper and lower SSC is taken as the relative slip of the interface.
Figure 4A shows the comparison between the theoretical value of
the interface long-term slip which is calculated by Eq. 20 proposed
by the author and the calculated value of FEA. When the concrete
aging coefficient . takes different values, the long-term interface slip
will change accordingly. When v is set to 0.9, the theoretical value of
interface slip at different ages is highly consistent with the calculated
value of FE. Figure 4B shows the comparison between the
theoretical value of the interface long-term slip which is
calculated by Eq. 1 proposed by Al-Deen et al. (2011) and the
calculated value of FEA. Since the model in this paper uses C40
concrete, its elastic modulus and creep coefficient are the same as
those of Al-deen. Compared with the Al-deen test, if o is set as 0.4,
there will be a large deviation from the FE value. When a increases,
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the theoretical value of interfacial long-term slip gets closer to the
calculated value of FE. When « is set to 0.8, the theoretical value of
interface slip is basically consistent with the calculated value of FE.
Using the equations proposed in this paper or by Al-Deen et al.
(2011) to determine the time-dependent shear stiffness of SSC, the
theoretical results is probably close to the FE result if appropriate .
or oy are selected. It is crucial to determine the appropriate value of
Y. considering the geometric parameters of SSC, concrete strength
and the different stud sizes, concrete strengths and creep coefficients.

PARAMETRIC STUDY

The aging coefficient reflects the influence of concrete aging on
the creep deformation, and is closely related to the creep
coefficient and the complex stress state of the concrete on the
pore wall. Bazant (1972) gave the expression of aging coefficient
when deriving the simplified calculation method of concrete
creep AEMM:

Ex(t, T)]_l 1 24)

ve(t.1) = [1_ E( | oD

In Eq. 24, Eg (t, 1) is the relaxation function, that is, the stress
at age t is caused by applying unit strain at age 7. In this part, the
finite element model of the test entity based on the shear
resistance of SSC is discussed, and the influence of the design
parameters such as the diameter ds of SSC, the height h,, the

concrete strength fy, the concrete loading age 7, the creep
duration t—7 and other design parameters on v, (t, 7) effect.

Effects of Stud Height

The comparison of the effect of different welding stud heights on
the long-term relative slip of the interface is shown in Figure 5.
SSC height A is selected between 100 and 250 mm, and it can be
seen that SSC height has little effect on the interface relative slip.
Figure 6 shows the effect of the height of SSC on the aging
coefficient of concrete. The aging coefficient y, is obtained by
inverse calculation from the finite element calculation value of the
relative slip of the interface. The change of the relative slip of the
interface is highly sensitive to the value of y. As the height of SSC
increases, 1. decreases overall, and the rate of change of y. also
decreases. The y. value of creep for 10 years is 0.919, 0.885, 0.896,
0.880 with the increase of welding stud height.

Effects of Stud Diameter

The comparison of the effect of different welding stud
diameters on the long-term relative slip of the interface is
shown in Figure 7. The diameter of SSC ds is selected between
16 and 25 mm. It can be seen that the diameter of SSC has an
effect on the relative slip of the interface, which is manifested
in the interface slippage at the initial stage of loading. The slip
decreases with increasing stud diameter, and the interface slip
changes accordingly during creep. Figure 8 shows the effect of
welding stud diameter on concrete aging coefficient y.. The

Frontiers in Mechanical Engineering | www.frontiersin.org 9

June 2022 | Volume 8 | Article 884111


https://www.frontiersin.org/journals/mechanical-engineering
www.frontiersin.org
https://www.frontiersin.org/journals/mechanical-engineering#articles

Liu et al.

1.6 T T T T

-2 t=7 B
—o—¢=3600d

Foundation reaction R(x, ¢, 7) (KN/mm)

100
Distance to stud root x (mm)

FIGURE 14 | Time-dependent reaction force of the foundation.

value of y, increases with the increase of the diameter of SSC.
The v, value of creep for 10 years is 0.912, 0.919, 0.926, and
0.937 with the increase of the diameter of SSC.

Effects of Concrete Strength

The comparison of the effects of different compressive strengths of
concrete on the long-term relative slip of the interface is shown in
Figure 9. The compressive strength f; of concrete is between 35 and
55 MPa. At the initial stage of loading, as the strength of concrete
increases, the modulus of the foundation increases, the deformation
of SSC decreases, and the corresponding interface relative slip also
decreases. During the creep period, the creep coefficient of C55
concrete is smaller than that of other low-strength concrete, and the
slip of SSC is the smallest at the end of creep. Figure 10 shows the
effect of concrete strength on the aging coefficient y. The value of .
decreases with the increase of concrete strength. The . value of
creep for 10 years is 0.923, 0.919, 0.915, 0.911, and 0.907 in turn with
the increase of concrete strength.

Effects of Loading Age

The comparison of the effect of concrete loading age on the long-
term relative slip of the interface is shown in Figure 11. The loading
age T is between 7 and 29 days. The relative slip of the interface at the
initial stage of loading is almost the same. During the creep period, the
creep coefficient of concrete decreases with the increase of the loading
age, and the corresponding creep slip increment also decreases.
Slippage is minimal. Figure 12 shows the effect of concrete loading
age on the aging coefficient .. The y value decreases with the increase
of the loading age, and the .. value of the 10-year creep is 0.934, 0.926,
0.922, and 0.919 with the increase of the loading age.

TIME-DEPENDENT RESPONSE OF STUD
SHEAR CONNECTOR

In the process of using the elastic foundation beam theory to derive
the time-dependent shear stiffness of SSC, the theoretical analytical
equations for the beam deformation and the distribution of the

Time-Dependent Stiffness of Studs

internal force along the beam length are also given. Qualitative
analysis of the deformation and internal force of the beam with a
loading age of 29 days and a creep end of 10 years is shown in
Figure 13. The deflection of the beam at the end of creep is larger
than that at the initial stage of loading, and the bending moment of
the root section increases, but the shear force remains constant.

Figure 14 shows the distribution of the concrete foundation
reaction force R along the beam length. The distribution
concentration of the foundation reaction force at the end of
creep is gentler than that at the initial stage of loading. The length
of the reaction force distribution along the beam length increases,
and the foundation reaction force is redistributed. The
conclusions drawn from the above theoretical analysis are
basically consistent with the conclusions drawn from the solid
finite element analysis of SSC, indicating that the effect of
concrete creep on beam deformation and internal force can be
simply predicted by the elastic foundation beam theory.

CONCLUSION

Based on the viscoelastic foundation beam theory, this paper
conducts a theoretical study on the time-dependent shear
stiffness of SSC, and draws the following conclusions:

1) The analytical solution based on the theory of the beam on
viscoelastic foundation may represent the long-term relative
deformation of SSC under sustained loads.

The approximation of TDS for SSC may result in close
prediction of long-term slip compared with the refined
FEA. The proposed method maybe used for simplified
evaluation of composite steel construction where the time-
dependent partial interaction is of interest.

For a standard cure of SSC with 28 days of loading age, which
is close to the construction of composite beam bridges, the 10-
years-aging coefficient . is suggested to be 0.88-0.95.

2)

3)
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