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Static and Fatigue Behavior of Short-Headed Studs
Embedded in a Thin Ultrahigh-Performance Concrete Layer

Junhui Cao'; Xudong Shao, Ph.D.?; Lu Deng, Ph.D., M.ASCE?; and Yidong Gan*

Abstract: In recent years, ultrahigh-performance concrete (UHPC) has been increasingly applied to orthotropic steel deck (OSD) bridges. The
UHPC layer and the OSD are connected through short-headed studs. This paper studies the static and fatigue behavior of short-headed studs em-
bedded in UHPC. Seven specimens were fabricated for push-out tests, three of which were subjected to static tests, and the other four were sub-
jected to fatigue tests. The headed studs in these specimens had a low height-to-diameter ratio of 2.7. Both the static and fatigue tests showed that
the specimens failed because of the fracture of the headed studs, whereas the UHPC layer did not develop appreciable damage. These observations
reflected the fact that the short-headed studs developed full strength when embedded in UHPC. Based on the fatigue test results, a design S-N curve
with 95% survival probability was proposed. DOI: 10.1061/(ASCE)BE.1943-5592.0001031. © 2017 American Society of Civil Engineers.

Author keywords: Ultrahigh-performance concrete (UHPC); Short-headed stud; Push-out test; Shear stiffness; Relative slip; S-N curve.

Introduction

Headed studs are a type of shear connectors commonly used in
steel-concrete composite structures. Numerous studies have been
performed to investigate the behavior of headed studs under static
loads (Ollgaard et al. 1971; Xue et al. 2008), fatigue loads
(Hanswille et al. 2007a; Mainston and Menzies 1967), and cyclic
loads (Civjan and Singh 2003).

Most relevant studies performed are within the following
scopes: (1) the concrete is predominantly normal concrete or light-
weight concrete with a compressive strength of < 80 MPa; and (2)
the studs usually have a height-to-diameter ratio greater than 4.0, a
critical value below which the studs may not develop full strength
(Slutter and Driscoll 1961). However, with the development of
ultrahigh-performance concrete (UHPC) and its fast-growing appli-
cations in steel-concrete composite structures, whether the conclu-
sions from previous studies are still applicable becomes a question.

UHPC is a class of concrete with high strength and excellent du-
rability. Owing to the advantages of high strength and reliable dura-
bility, UHPC structures can be much thinner and lighter than con-
ventional concrete structures. For example, Shao et al. (2013)
proposed a new composite deck composed of an orthotropic steel
deck (OSD) and an UHPC layer, which is also referred to as a light-
weight composite deck (LWCD). In the LWCD, the UHPC layer is
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only 35-60 mm thick, significantly thinner than the thickness of
normal concrete decks (200400 mm) as required for conventional
steel-concrete composite bridges.

To guarantee that the UHPC layer works well together with the
OSD, an effective interfacial connection is desired. Buitelaar et al.
(2004) suggested using epoxy adhesive, whereas Murakoshi et al.
(2007) proposed a hybrid method in which the epoxy adhesive con-
nection was supplemented by a subsidiary connection provided by
sparsely distributed headed studs. Dieng et al. (2013) used small
shear connectors to connect the UHPC layer and the OSD, and this
method has been applied to a pilot bridge in France (Hajar et al.
2013). In all of the aforementioned schemes, the concrete layers
function as overlays rather than structural components. In these
cases, adhesive can provide adequate connection for the cement-
based overlays, with a service life much shorter than that of a struc-
ture. However, regarding the LWCD, the UHPC layer is a structural
component (Shao et al. 2013), which requires that a robust compos-
ite action be developed at the interface, and the UHPC layer is
expected not to develop appreciable damage during the lifetime of
the bridge deck. According to studies by Dieng et al. (2013), the
stronger the composite action is, the lower the stresses in both the
UHPC layer and the OSD are. In general, adhesive is made of or-
ganic compounds that will age with time, and therefore, the service
life of the adhesive layers is limited.

Considering all of the aforementioned facts, headed studs are
used in the present study. To allow for the shallow depth of the
UHPC layer, small-headed studs with a typical height-to-diameter
ratio of h/d = 35/13 mm = 2.7 are preferred. Headed studs, which
are welded to steel plates through drawn-arc automatic welding, are
actually commonly used in practice, and the cost involved in weld-
ing construction is acceptable.

There have been studies on the shear connectors embedded in
UHPC. Kim et al. (2015) performed static push-out tests on headed
studs embedded in UHPC. The tests showed that the aspect ratio of
the headed studs can be reduced from a common value of 4.0 to 3.1
without reducing the shear strength of the studs. Luo et al. (2015a)
investigated the static behavior of headed studs in a steel-fiber-
reinforced cementitious composite (SFRCC) with a compressive
strength of 120-150 MPa, and it was found that a SFRCC slab
without any rebar still ensures a failure mode of stud fracture. In
addition, Kang et al. (2014) and Rauscher and Hegger (2008)
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investigated the static behaviors of continuous shear connectors
in UHPC; Li et al. (2016) reported fatigue test results on 35-mm
short-headed studs in UHPC.

However, in all of the aforementioned tests, the thickness of the
UHPC layers is predominantly 75-150 mm, significantly exceeding
that of the UHPC layer in the LWCD. Furthermore, most of these
studies highlight the static behavior of the shear connectors, and
few studies are available regarding the fatigue performance. Thus,
it is necessary to perform static and fatigue tests for the short-
headed studs in the thin UHPC layer used in the LWCD.

In this paper, seven push-out specimens were fabricated, three of
which were subjected to static tests, and the other four were sub-
jected to fatigue tests. Based on the test results, the behaviors of
short-headed studs embedded in UHPC were revealed: the failure
mode was revealed, the load-slip relationships were obtained, and
an S-N curve was developed.

Static Load Tests

Test Setup and Specimen Dimensions

The behavior of headed studs against shear loads can be revealed
through tests on either push-out specimens or steel-concrete compos-
ite beam specimens. With advantages such as small specimen sizes
and low stress redistribution in the headed studs, push-out specimens
have been widely used since first attempted in Switzerland in the
1930s. In this study, push-out specimens were adopted in both static
and fatigue tests.
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Seven push-out specimens with identical configurations were
fabricated (Fig. 1). Each specimen consisted of an I-shaped steel part
and two 50-mm UHPC flanges, as shown in Fig. 1. Each UHPC
flange was connected to the steel plate via four short-headed studs.
With a diameter of 13 mm and a height of 35 mm, the headed studs
have a low height-to-diameter ratio of 2.7 and have a cover thickness
of 15mm. The UHPC layer was reinforced by the HRB400 steel
rebar, a type of ribbed steel rebar commonly used in China with a
nominal yield strength of 400 MPa. The steel rebar had a diameter of
8 mm and was deployed with central spacings of 50 and 65 mm
along the loading and transversal directions, respectively. A 15-mm-
thick cover was used for the steel bars.

The UHPC used in this paper was specially developed for the
LWCDs by the research group at Hunan University, Hunan Sheng,
China. A detailed list of the ingredients in UHPC can be found in
Table 1. The maximum grain size of the quartz sand used in UHPC is
0.9 mm. The UHPC layers were steam cured for a period of 48 h under
a temperature ranging from 103 to 108°C in this study. Generally, the
curing temperature for UHPC should be no lower than 90°C.

The three specimens subjected to static loads were named STA-1,
STA-2, and STA-3, respectively. The tests were conducted with a
2,000-kN compression testing machine (Fig. 2). The specimens were
placed on a fixed steel platform, and the load was exerted through a
loading plate on the top. A force transducer was installed between the
loading plate and the support to control the load precisely.

Considering that each specimen contains eight headed studs,
eight dial indicators were installed on the sides of each specimen to
record the relative slips at the interface between the steel and
UHPC. Prior to the test, preloading was applied with a load of
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Fig. 1. Push-out specimens (units: mm): (a) front view; (b) side view; (c) top view; (d) dimensions of headed stud
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100 kN to ensure that both the loading system and the dial indicators
work well. During the test, the load was increased monotonically by
an increment of 25kN at each step until failure occurred in the
specimens. Within each load-increasing step, the loading rate was
controlled at 0.08 kN/s. After each load increment was completed, a
time gap of 5 min was reserved to stabilize the load and to record
the slips at the steel-UHPC interfaces.

Test Results

The three specimens had a similar failure mode: the studs on ei-
ther side of the specimens (i.e., Side A or Side B) were sheared

Table 1. Ingredients of UHPC

Item Ingredients Value
Weight (kg/m®) Cement 771.2
Silica fume 154.2
Fly ash 77.1
Quartz sand 848.4
Quartz powder 154.2
Superplasticizer 20.1
Water 180.5
Steel fibers
Type 1 118
Type 2 157
Weight ratio Cement 1.0
Silica fume 0.2
Fly ash 0.1
Quartz sand 1.1
Quartz powder 0.2
S/P ratio (%) 2
WIP ratio 0.18
Volume ratio (%) Type 1 fraction 1.5
Type 2 fraction 2.0

Note: For superplasticizer, S/P ratio means the weight ratio of superplasticizer
to paste material (including cement, silica fume, and fly ash); for water, W/P
ratio means the weight ratio of water to paste material (including cement,
silica fume, and fly ash); for steel fibers, Type 1 denotes steel fibers with D =
0.12 mm and L = 8§ mm, and Type 2 denotes steel fibers with D = 0.2 mm and
L =13 mm, where D denotes fiber diameter, and L denotes fiber length.

off from the steel plate, resulting in a complete separation
between the UHPC layer and the remaining part of the specimen.
Fig. 3 shows the typical failure mode. It can be seen that the
headed studs were sheared off from the steel plate and were still
embedded in UHPC.

The inner interfaces on both the steel plate and the UHPC layer
were carefully scrutinized. Two fracture positions were observed
on the headed studs. In the first case, the fracture surface was a small
concave on the steel plate, below the stud-to-steel-plate weld [Fig.
4(a)], whereas in the second case, the fracture surface was in the
stud shank, above the stud-to-steel-plate weld [Fig. 4(b)].

It was also observed that the UHPC layer was intact on the out-
side, with no cracking, crushing, or splitting observed. On the inner
side, only very limited damage was developed within a small region
around the headed studs. In Fracture Position 1, the UHPC was
crushed in front of the stud and was cracked behind the stud,
whereas in Fracture Position 2, the UHPC was spalled around the
stud.

Tests on the three specimens revealed that they had shear
strengths of 487.8, 457.1, and 497.5 kN, respectively. Because each
specimen has eight headed studs, the average shear strength per
stud was obtained as 61.0, 57.1, and 62.2 kN, respectively.

Result Analysis and Discussion

Shear Strength and Failure Mode

Because no equations for predicting the shear strength of headed
studs in UHPC are available, the equations in normal concrete
are presented here to discuss the failure mode and the shear
strength.

For headed studs in normal concrete, there are two failure modes
(i.e., crush of concrete plate and fracture of headed studs). The fail-
ure modes are influenced by different parameters. According to the
AASHTO LRFD (AASHTO 2012) specifications, the shear
strength of headed studs can be calculated by Eq. (1). The left part
of the equation corresponds to the concrete failure mode, and the
right part corresponds to the stud failure mode

Qu = ¢05Asc fC,Ec < ¢Ascf (1)
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Fig. 2. Static test setup: (a) front view; (b) side view
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Fig. 4. Two fracture positions of headed studs: (a) Failure Position 1
(from weld); (b) Failure Position 2 (from stud shank)

where A, = sectional area of headed studs (mm?); f. = com-
pressive strength of concrete cylinders (MPa); E. = modulus of
elasticity of concrete (MPa); f = tensile strength of headed
studs (MPa); and ¢ = resistance reduction factor, whose value
is 0.85.

The Chinese Code for design of steel and concrete composite
bridges MHURDOC 2013) also provides a formula to calculate the
shear strength of headed studs, as shown in Eq. (2)

E. 0.2 f 0.1
0,=0.43 nAsc \/fchc < 119Ascf <EL) (;Tu) 2

where Ay, = sectional area of headed studs (mm?); fea and fo, =
design compressive strength of concrete prisms and compressive
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strength of concrete cubes, respectively (MPa); E,. and E; = mod-
ulus of elasticity of concrete and headed studs, respectively
(MPa); f = tensile strength of headed studs (MPa); and n = reduc-
tion factor due to the group stud effect, which is taken as 1.0 when
l4/d = 13 (I; and d denote the longitudinal spacing and the diame-
ter of headed studs, respectively).

The equation in Eurocode 4 (ECS 2005) is shown in Eq. (3).
The height-to-diameter ratio is taken into account when consid-
ering the concrete failure mode on the left part of the equation

Q. =0.29ad*\/f.E./y, < 0.8Af/7, 3)

where « = factor considering the height-to-diameter ratio, whose
value is & = 0.2(h/d + 1) < 1.0 when h/d = 3, in which h and d
are the height and diameter of headed studs, respectively; f. = com-
pressive strength of concrete cylinders (MPa); E. = modulus of
elasticity of concrete (MPa); Ay, = sectional area of headed studs
(mm?); f= tensile strength of headed studs; and y, = material partial
factor, whose value is 1.25.

According to Egs. (1)—(3), there exists a critical compressive
strength of concrete, beyond which the failure mode will always
be the fracture of headed studs. Shariati et al. (2012) stated that
the critical compressive strength was f,. = 30-37 MPa. Thus, it is
not surprising that all three of the specimens in this paper failed
due to the fracture of the headed studs because the UHPC used in
this study has a compressive strength of 130-155 MPa (Shao et
al. 2013), significantly higher than the critical compressive
strength of concrete.

The aforementioned equations are all for headed studs embed-
ded in normal concrete. According to relevant studies (An and
Cederwall 1996; Hegger et al. 2001), when headed studs are
imbedded in high-strength concrete, their mechanical behaviors dif-
fer significantly from those embedded in normal concrete. The pres-
ence of a weld collar also affects the strength of the headed stud.
Based on the results from push-out tests, Doinghaus et al. (2003)
proposed a formula specifically for the shear strength of headed
studs imbedded in high-strength concrete with a compressive
strength of no less than 55 MPa [Eq. (4)], in which the influence of
the weld collars is included. In this formula, only one failure mode
(i.e., stud failure) is considered
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Fig. 5. Comparison between predicted shear strength and tested shear
strength

Q. = (0.85Asf + nf(/,dwclwc)/')’v )

where Ay, = sectional area of the headed stud (mmz); f = tensile
strength of the headed stud (MPa); 1 = coefficient of shear strength
improvement caused by the weld collar; f, = compressive strength
of concrete cylinders (MPa); d,,. = diameter of the weld collar
(mm); Iy, = height of the weld collar (mm); and vy, = material par-
tial factor, whose value is 1.25.

For headed studs in high-strength concrete, although a consensus
was reached that the weld collar contributes to the shear strength,
the value of 7 is different according to different references. In the
formula proposed by Doinghaus et al. (2003), the value of 1 is 1.5
for conventional high-strength concrete. However, Luo et al.
(2015b) stated that the value is not enough for concrete with higher
compressive strength. Based on push-out tests, they stated that a
value of 1 = 2.5 is more suitable for steel-fiber-reinforced concrete
with a compressive strength up to 120-150 MPa.

To compare the predicted shear strength of headed studs to that
calculated based on push-out test results, calculations were per-
formed based on Egs. (1)—(4), and the results are shown in Fig. 5.
When using Eq. (4), the sizes of the weld collar should be provided.
For the headed studs in this paper, the weld collar had a nominal di-
ameter of dy = 17mm and a height of /;,c = 3 mm (GAQSIQOC
2002). Two weld collar—related factor values (i.e., n = 1.5 and 2.5)
were examined. The UHPC had a compressive strength of f., =
135.9 MPa and a modulus of elasticity of £, =42.6 GPa (Shao et al.
2013). In addition, experimental tests by Graybeal (2005) indicated
that the compressive strength of UHPC derived from cylinders and
cubes did not exhibit significant differences. Thus, the compressive
strength of UHPC cylinders could be obtained as f, = 0.95 f., =
129.1 MPa (Graybeal 2005). Headed studs have a tensile strength
of f =400 MPa (MHURDOC 2013).

Fig. 5 clearly shows that, for Eqs. (1)—(3), the predicted shear
strengths based on the concrete failure mode are much higher than
those based on the stud failure mode, indicating that the failure
mode should be stud failure. Furthermore, the predicted shear
strengths by using the right part of Egs. (1)—(3) are approximately
25-43% lower than the real shear strength obtained from the tests
(Qy = 60.1kN on average). Thus, Egs. (1)—-(3) can significantly
underestimate the shear strength of the headed studs embedded in
UHPC. This will lead to a conservative design.
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The calculation results based on Eq. (4) show a better agreement
with the test results. With the weld collar-related coefficient taken
as m = 1.5 and 2.5, the predicted shear strengths are 27 and 18%
lower than the average tested result, respectively. Thus, for headed
studs in UHPC, the weld collar contributes to a significant portion
of the shear strength and should be taken into account in the strength
prediction. In addition, n = 2.5 leads to an even closer result relative
to the test results.

Load-Slip Curve

The load-slip curves are plotted in Fig. 6. Under each load level of
the subfigures, Side A and Side B denote the average slips observed

from the four dial indicators on each side [i.e., s = (1/4) 3.7 sia

and sg = (1/4) Z? s; pl, whereas average of A and B denotes the
average slip of the two sides [i.e., s = (s + sp)/2. It is clear from
Figs. 6(a—c) that, although the slips on the two sides were not identi-
cal, both slips increased smoothly with the increasing load.

Fig. 6(d) shows that the averaged load-slip curves of the three
specimens are quite close to each other. It can also be seen from the
figure that the headed studs as a group began to yield at a load of
approximately 400kN, beyond which the slips increased signifi-
cantly with a small increase of the load.

Shear Stiffness

Shear stiffness is an important parameter in the design of composite
structures. A number of methods are available for the calculation of
shear stiffness for headed studs. Wang (1998) proposed that the
design shear strength of a stud should be 0.8 times its actual shear
strength, and the corresponding slip was 0.8 mm. As a result, the shear
stiffness of a stud can be calculated as k = Q,, (kN/mm), where Q,, is
the shear strength of a stud. Nie and Shen (1994) proposed a concise
equation after performing statistical analysis on a large number of ex-
perimental data [i.e., k = 0.66 Q,, (kN/mm)]. However, these methods
predicted the shear stiffness by utilizing empirical coefficients that
were derived from the database of headed studs embedded in normal
concrete. Thus, these methods were not used in the present study.

In another method, the shear stiffness of headed studs is calcu-
lated based on the load-slip curve. The shear stiffness is defined as
the slope of a secant line on the load-slip curve. The lower point of
the secant line is the original point, and the upper point is different
according to different methods. Johnson and May (1975) defined
the upper point as the half shear strength point, JSSC (2002) prefers
to use the one-third shear strength point, and Eurocode 4 (ECS
2005) specifies that the upper point should be 0.7 times the shear
strength. Considering that the secant slope method captures the
shear stiffness based on the load-slip curve rather than merely based
on the shear capacity, the shear stiffness obtained by this method is
not affected by the type of shear connectors (e.g., rigid or ductile)
and the compressive strength of concrete (e.g., normal concrete,
high-strength concrete, or UHPC). Therefore, the secant slope
method was adopted in the present study. It should be noted that the
shear stiffness (k) listed in Table 2 is for a single-headed stud.

According to Table 2, the calculated shear stiffness of headed
studs is influenced by the method adopted. The higher the upper
point of the secant line is, the lower the shear stiffness is. The shear
stiffness of the headed studs obtained from the three methods varied
between 266 and 396 kIN/mm for one stud.

To compare the shear stiffness of the headed studs in UHPC to
that of headed studs in normal concrete, a load-slip curve equa-
tion proposed by Ollgaard et al. (1971) for headed studs in normal
concrete is used to calculate the slips under different load levels

(Eq. (5)]

J. Bridge Eng.

J. Bridge Eng., 2017, 22(5): -1--1



Downloaded from ascelibrary.org by HUNAN UNIVERSITY on 05/07/17. Copyright ASCE. For persona use only; all rights reserved.

600 T T T

500 1

400 4
Z 300 i
59
200 ——Side A B
—O—Side B
100 Average of Aand B -
0 1 1
0. 0.6 0.9 1.2
slip (mm)
(a)
600 T T T
500 .
400 F §
Z 300 | i
53
200 - —0— Side A 7
—O—Side B -
100 1 —— Average of Aand B |
0 1 1 1
0.0 0.2 0.4 0.6 0.8
slip (mm)
(©)

600 T T T

500 - -

—0—Side A

—0—Side B

—w— Average of A and B

100 [y B

0 : 1 1 1
0.0 0.3 0.6 0.9 1.2
slip (mm)

600 T T T

500 - -

STA-1
—v— STA-2
—— STA-3

100

0 1 1 1
0.0 0.3 0.6 0.9 1.2

slip (mm)

(d

Fig. 6. Load-slip curves in static tests: (a) Specimen STA-1; (b) Specimen STA-2; (c) Specimen STA-3; (d) collection of all three specimens

Table 2. Shear Stiffness Calculation

Specimen

Reference Parameters STA-1 STA-2 STA-3 Average of k Unit
JSSC (2002) 1/3Q, 162.6 152.4 165.8 — kN
Slip at 1/30, 0.0549 0.0479 0.0492 — mm

k per stud 369.9 397.8 421.6 396.4 kN/mm
Johnson and May (1975) 0.50, 2439 228.6 248.8 — kN
Slip at 0.50,, 0.1005 0.0902 0.0848 — mm

k per stud 303.3 316.9 366.6 3289 kN/mm
Eurocode 4 (ECS 2005) 0.70, 341.5 320.0 348.3 — kN
Slip at 0.7Q,, 0.1916 0.1529 0.1387 — mm

k per stud 222.8 261.7 3139 266.1 kN/mm

F/Q, = (1 — e 13)%4 5) Assuming that a headed stud (with a diameter of 13 mm) em-

where F = shear load (kips); O, = shear strength per headed stud
(kips); and s = interfacial slip (in.).
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bedded in normal concrete has a shear strength identical to the
headed studs investigated in this paper (i.e., Q, = 60.1kN),
according to Eq. (5), the slips under different load levels of
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F/Q,=0.33,0.5, and 0.7 were calculated to be 0.094, 0.275, and
0.744 mm, respectively. By following the same calculating pro-
cedures as presented in Table 2, the shear stiffness of the headed
stud embedded in normal concrete can be determined, and the
results are listed in Table 3.

As can be seen in Table 3, the shear stiffness of the headed studs
in UHPC is much higher than that in normal concrete. The closer
the reference load level is to the ultimate shear strength, the higher
the difference of the shear stiffness is. The observation is similar to
that reported by Kim et al. (2015). According to their study, a stud
embedded in the UHPC provides at least 60% higher stiffness than
that in normal concrete. Therefore, a higher shear stiffness implies
higher efficiency in developing a composite action, which is benefi-
cial to the composite action between the thin UHPC layer and the
OSD.

Fatigue Load Tests

Test Setup and Loading Programs

To reveal the behavior of headed studs against fatigue loads, four
push-out specimens (i.e., FAT-1, FAT-2, FAT-3, and FAT-4) were
subjected to fatigue loads. The configuration of the push-out speci-
mens is shown in Fig. 1, and the test setup is shown in Fig. 7.

During the tests, the specimens were fixed to the ground
through bolt-anchored steel plates. The fatigue tests were con-
ducted through a hydraulic impulse fatigue-testing machine. The
fatigue load was applied from the top of the specimen by a 250-
kN actuator.

Table 3. Comparison of Shear Stiffness for Headed Studs in Different
Concrete

In normal Stiffness
Reference concrete In UHPC increment

In the fatigue tests, apart from the real-time dynamic slip that
was monitored throughout the fatigue test, the static slip was also
recorded. When the loading cycles reached certain values, the fa-
tigue loading was suspended for a while, and a static load test was
performed instead to obtain the slip. The two types of slip were
recorded through different apparatuses: the dynamic slip was
recorded via a portable QuantumX dynamic data collector and
two WA-100 dynamic displacement sensors (Hottinger Baldwin
Messtechnik, Darmstadt, Germany), and the static slip was
recorded via mechanical dial indicators, as shown in Fig. 8. The
dynamic slip was recorded with a sampling frequency of 100 Hz.
To guarantee that the relative slips between the steel plates and
the UHPC layers were recorded, small segments of angle steel
were glued to the side of the UHPC layer, to which the tips of the
sensors and indicators were touched.

In a fatigue test, the fatigue stress can be represented by three pa-
rameters [i.e., maximum stress (0 may), minimum stress (0 i), and
load frequency (f)] as shown in Fig. 9. Generally speaking, the fatigue
life of a steel component is governed by both the maximum and mini-
mum stresses, and the two parameters are more commonly expressed
in another form: stress range (Ad = O'max — Omin) and stress ratio
(R = 0min/ 0'max)- However, for as-welded steel connections, high
residual stresses close to the yield strength of steel may exist.
When the steel connection is exposed to external loads, the load-
induced stress is superimposed to the residual stress. Thus, even
when the load-induced stress is low, the actual stress in the steel
components around the welds may be very high. In this case, the
fatigue life is mainly governed by the stress range (Ao). As a
result, the S-N curves used in fatigue design of welded steel con-
nections commonly have stress range as an independent variable.

The aforementioned principle is also applicable to steel-concrete
composite structures with headed studs welded to steel plates.
According to fatigue tests by Slutter and Fisher (1966), the most im-
portant factor that influences the fatigue life of headed studs is the
shear stress range. Thus, for the fatigue tests in this paper, the four
specimens were loaded with different shear stress ranges (Table 4).
During the tests, all of the specimens had an equal stress ratio (R),
and the reason was that the International Institute of Welding (ITW)
(Hobbacher 2007) recommends that, when fatigue tests are used to
establish an S-N curve for fatigue-prone details, the stress ratio
should be maintained at a constant level. In Table 4, F' denotes the

Fig. 7. Fatigue test setup: (a) overall view; (b) front view; (c) side view

Reference loadlevel (kKN/mm) (kN/mm) (%)
JSSC (2002) 1/30, 214.13 396.4 85
Johnson and May (1975) 0.50, 109.47 328.9 200
Eurocode 4 (ECS 2005) 0.7Q. 56.51 266.1 371

(b)
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Fig. 8. Slip-recording apparatus (units: mm): (a) dynamic slip; (b) static slip
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Fig. 9. Key parameters in cyclic fatigue loading

load applied to a specimen, and 7 denotes the nominal shear stress
per headed stud and is calculated as 7 = (F/8)/As., where A is
the sectional area of a headed stud.
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Considering that the fatigue tests in this paper were intended to
establish an S-N curve for the headed studs in UHPC, all specimens
were tested until failure occurred. Thus, no run-out cycles were
defined for the present fatigue tests.

Test Results

The four specimens revealed a similar failure mode. The headed
studs on one side of the specimens (i.e., either Side A or Side B)
were sheared off from the steel plate, leading to a complete separa-
tion between the UHPC layer and the remaining part of the speci-
men, whereas the opposite side of the specimen was still in good
status, with no separation. The observed failure mode is shown in
Fig. 10.

Similar to the two fracture positions observed in the static tests,
there were also two fracture positions for the headed studs in the fa-
tigue tests. In the first fracture position, fatigue cracks initiated from
the weld toe and propagated downward into the steel plate. In the
second fracture position, fatigue cracks initiated and propagated in
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Table 4. Main Parameters in Fatigue Test

Nominal shear stress per stud

Load (kN) (MPa)
Specimen Frax Frin AF Frequency (Hz) Tmax Tmin AT Stress ratio R (Tmin/ Tmax)
FAT-1 122 22 100 5.0-5.5 115 21 94 0.18
FAT-2 151 27 124 5.0 143 26 117 0.18
FAT-3 162 29 133 5.0 152 27 125 0.18
FAT-4 175 31 143 5.0 165 30 135 0.18

Fig. 10. Failure mode of fatigue specimen

the stud shank. The two fracture positions are shown in Fig. 11. The
main test results are listed in Table 5.

Results Analysis and Discussion

S-N Curve of Headed Studs Embedded in UHPC

The S-N curve, also called the Wohler curve, is a fundamental tool
for fatigue design of steel structures. The S-N curve reveals the rela-
tionship between the fatigue life and stress range, as shown in Eq. (6)

mlog At +1logN =C (6)

where m = slope of the S-N curve; A1 = stress range in the fatigue-
prone detail; N = fatigue life of the detail; and C = fatigue constant.

Several standards have provided S-N curves for headed studs
embedded in normal concrete. For example, in Eurocode 4 (ECS
2005), the S-N curve of headed studs has a slope of m = § and a fa-
tigue strength of 90 MPa at 2 million cycles. However, regarding
headed studs embedded in UHPC, there are still no relevant S-N
curves available.

In this study, results from four fatigue test specimens were
obtained. In an early study by the authors, a similar fatigue test was
undertaken on some other push-out specimens of the same kind
under the same testing conditions (Li et al. 2016). Therefore, the
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fatigue test results obtained from that study could also be used in
the data analysis. However, of the specimens reported in the other
study (Li et al. 2016), only one was tested to failure. The failed spec-
imen failed after Ny = 620,000 cycles under a shear stress range of
A7 = 145 MPa.

By performing curve-fitting using the five fatigue data points in
a log-log coordinate system, a linear relationship could be found
between A7 and Ny, as shown in Fig. 12. The fitted line had a slope
of m =8.2713, which is close to that for headed studs in normal con-
crete (i.e., m = 8), indicating that, although the number of specimens
in this paper is relatively small, the test results could still reasonably
reflect the fatigue characteristics of the headed studs in UHPC
against fatigue loads. According to the ITW (Hobbacher 2007), the
slope can be obtained either by linear fitting based on the original fa-
tigue data or by taking a given value based on existing S-N curves
of fatigue-prone details that have similar behavior. The linear fitting
results indicate that the headed studs embedded in the UHPC had fa-
tigue behavior similar to the headed studs embedded in normal con-
crete. Therefore, for the purpose of consistency and convenience,
the slope was assumed to have a value of m =8.

With the value of m determined, the next step is to determine the
value of C in Eq. (6). According to the [TW (Hobbacher 2007), the
line of best fit only has a survival probability of 50%, which is not
sufficient to guarantee a sound fatigue design, which usually
demands a survival probability of 95%. Thus, the design S-N curve
should be modified from the line of best fit, which can be realized
by calculating the characteristic value of logC (i.e., logCy). First,
the mean and standard variance of logC are calculated by using Eqs.
(7) and (8), respectively. Then, logC; is calculated by Eq. (9)

log C;
MiogC :ZT (N
> (Bioge —log G ?
mogc=¢ ( S ) ®)
log Cp = pyogc — ko105 ©

where @, and oec = mean and standard deviation of logC,
respectively; i = ith fatigue data; n = sample size of the fatigue data;
log Cy = characteristic value of logC; and k = modification factor,
which is related to the sample size and the target survival probability.
Substituting the fatigue test results into Egs. (7) and (8), it can be
determined that u 15, ¢ =22.8456 and o jo¢ ¢ = 0.2046. The standard
deviation (0 1og ¢) is only 0.9% of the mean value (u log ¢), indicat-
ing that, although the sample size of the fatigue data is limited, the
scatter of the test results is small. Prior to developing the S-N curve,
a value should be specified for the modification factor to allow for
the survival probability. According to the [IW, the modification fac-
tor is related to the number of specimens. Larger modification fac-
tors are required for smaller numbers of specimens. For the fatigue
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A-1 (steel plate)

A-4 (steel plate)

stud shank

(b)

spalling

Fig. 11. Two fatigue fracture positions in headed studs: (a) Fracture Position 1 (weld); (b) Fracture Position 2 (stud shank)

Table 5. Fatigue Test Results

Shear stress range Fatigue life
Specimen per stud [A7 (MPa)] [Ng (cycles)]
FAT-1 94 11,787,000
FAT-2 117 1,130,000
FAT-3 125 1,688,000
FAT-4 135 441,000

tests in this paper, the sample size was n = 5, resulting in a modifica-
tion factor of k = 3.6. By adopting the modification factor, the influ-
ence of the small number of fatigue data on the S-N curve was taken
into account.

By substituting these values into Eq. (9), the characteristic value
of logC is calculated as logCy = 22.1131. Thus, the S-N curves with
survival probabilities of 50 and 95% (i.e., the design S-N curve) are
presented in Egs. (10a) and (10b), respectively. For comparison, the
design S-N curve for headed studs in normal concrete, as specified
by Eurocode 4, is presented in Eq. (10c). The three curves as well as
the five fatigue test data are all plotted in Fig. 12

8log AT + log N = 22.8456 (10a)
8log AT +log N =22.1131 (100)
8log AT +log N = 21.9350 (10¢)

Fig. 12 shows that all fatigue test data are above the S-N curve
defined in Eurocode 4. The proposed design S-N curve for short-
headed studs embedded in UHPC, with a survival probability of
95%, also lies above the S-N curve of headed studs embedded in nor-
mal concrete. Corresponding to an expected fatigue life of 2 million
cycles, the headed studs in normal concrete should have a design fa-
tigue strength of 90 MPa, whereas the headed studs in UHPC should
have a fatigue strength of 94.6 MPa. These observations imply that
the headed studs have a slightly better fatigue performance in UHPC
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Fig. 12. S-N curves for headed studs against shear stress

than in normal concrete. Thus, both Egs. (105) and (10c) can be used
in fatigue design of headed studs embedded in UHPC.

Dynamic Slip at Steel-UHPC Interface

As mentioned previously, the dynamic slip at the steel-UHPC
interface was recorded at a sampling frequency of 100 Hz.
Considering that the slip increases very slowly throughout the fa-
tigue test, and that saving all data would require a substantial
amount of memory, the dynamic slip was recorded intermittently
during the fatigue tests.
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Fig. 13. Dynamic relative slips at steel-UHPC interface: (a) Specimen FAT-1; (b) Specimen FAT-2; (c) Specimen FAT-3; (d) Specimen FAT-4

It was found that, during the fatigue tests, the peak slips (i.e.,
Smax OF Smin) Were very sensitive to the anchorage condition of
the test setup. Because each fatigue test lasted for days or even
months (e.g., FAT-1), the anchorage between the steel plates
and the ground gradually became loose during the fatigue test
and was tightened from time to time, as did the anchorage of the
actuator. In addition, the fatigue test was halted after a certain
number of cycles for performing the static test. All of these fac-
tors caused interruptions to a continuing testing condition. As a
consequence, the peak slips did not exhibit a smooth trend
throughout the fatigue test. Fortunately, the relative slips (i.e.,
AS = Smax — Smin) €xhibited a smooth trend. Thus, relative slips
instead of peak slips are analyzed and discussed here, as shown
in Fig. 13.

According to Fig. 13, the relative dynamic slips generally
increase with the loading cycles. Most of the time during the
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fatigue test, the slips increased approximately linearly with the
number of loading cycles. However, prior to failure, there was a
sudden increase of the slips, and such increase was especially no-
ticeable on the side where the failure occurred.

Based on the dynamic slips obtained, the slip rates can be calcu-
lated for all of the specimens. Prior to calculating the slip rates, rele-
vant references on calculating the slip rate of headed studs in normal
concrete are reviewed here.

Hallam (1976) proposed an equation to calculate the slip rate
based on the fatigue test on push-out specimens [Eq. (11)]. The
shear force range is the key factor that affects the slip rate. Valente
(2007) proposed a similar equation for headed studs in lightweight
concrete, as shown in Eq. (12)

AF
logd = —10+4 12.99 — (11)

u
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Fig. 14. Calculation of slip rate

Table 6. Calculated Slip Rates

Specimen AF (kN) AF/Q, log & 6 (mm/cycle)
FAT-1 100 0.21 —7.6425 2278 x 1078
FAT-2 124 0.26 -7.0101 9.771 x 1078
FAT-3 133 0.28 —6.6064 2475 % 1077
FAT-4 143 0.30 -6.4213 3.791 x 1077
AF
logé = —7.11+5.79Q— (12)
u

where & = slip rate of headed stud (mm/cycle); AF = shear force
range per headed stud (kN); and Q, = shear strength of a headed
stud (kN).

Oehlers and Coughlan (1986) also proposed an equation for pre-
dicting the slip rate, as shown in Eq. (13). In this equation, the slip
rate is governed by both the force range and the diameter of the
headed stud

§ =1.70 x 10‘5£d (13)

u

where 6 = slip rate of headed stud (mm/cycle); AF = shear force
range per headed stud (kN); Q, = shear strength of a headed stud;
and d = diameter of headed studs (mm).

The calculation of the slip rate for the headed studs in UHPC is
composed of three steps. First, the dynamic slips on the two steel—
UHPC interfaces were averaged for each case. Second, the fatigue
life (N) for each specimen was divided into many segments, and the
slip rate within each segment was calculated as &; = As/AN.
Considering the value of §; is very small, log 6; was calculated.
Finally, all of the log §; values were averaged to calculate the aver-
age slip rate (log 6) for each specimen. The calculating process can
be explained using Fig. 14. The calculated results are shown in
Table 6. In the table, the values of AF/Q, were calculated for a
single-headed stud.

The calculated slip rates were compared to those of headed studs
in normal concrete. Considering that no fatigue tests were per-
formed for headed studs in normal concrete in this study, Eqs. (11)—
(13) were used to calculate the slip rates. The comparisons are
shown in Fig. 15.

As can be seen in Fig. 15, the higher the force range is, the higher
the slip rate is. In addition, the figure demonstrates that the slip rate
of the headed studs in UHPC is lower than that of the headed studs
in normal concrete, which is likely attributed to the high strength of
UHPC.

In addition, a linear fitting was performed for the slip-rate data
presented in Table 6, and it was found that the relationship between
the slip rate and the force range can be expressed by Eq. (14)
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Fig. 16. Static tests performed during fatigue tests

AF
logé6 = —10.574 + 14.053Q— (14)

u

Static Slip at Steel-UHPC Interface

During the fatigue test, static tests were performed when the fatigue
loading reached certain numbers of cycles, aiming to record the
degradation of the shear stiffness of the headed studs. The target
maximum load in the static tests was equal to the maximum fatigue
load (Fax), as shown in Table 4. Consequently, the static tests in
this subsection are different from the aforementioned pure static
tests in that the maximum load applied here is quite lower than the
shear strength. The reason is that, if a static load significantly
greater than F,,x was applied, the specimens may fail in the static
tests because the fatigue damage gradually accumulated in the
headed studs in the previous fatigue test.

The static load was increased monotonically, and the load
increments were slightly different between different specimens.
Each static test was divided into six to seven load steps. When the
load reached the maximum value, the specimen was then
unloaded. The unloading process consisted of two steps. In the
first step, the load was decreased to approximately half of the
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Fig. 17. Static load-slip curves obtained during fatigue tests: (a) Specimen FAT-1; (b) Specimen FAT-2; (c) Specimen FAT-3; (d) Specimen FAT-4

maximum load, whereas in the second step, the load was thor-
oughly removed. Fig. 16 shows a schematic drawing of the load-
ing and unloading processes.

The load-slip curves obtained in the static tests are plotted in Fig.
17. Because of unavoidable eccentricity of both the loading and the
anchoring systems, the slips on the two sides of each specimen were
unequal. Thus, the average slips from Sides A and B were obtained,
as presented in Fig. 17. In the figure, the solid lines represent the
loading process, whereas the dashed lines represent the unloading
process.

Fig. 17 implies that the load-slip curve during each static test is
approximately linear, possibly because the maximum load applied
to the specimens was small relative to their static shear strengths.
When the number of loading cycles increases, the slip at the inter-
face increases under the same static load, indicating that the shear
stiffness at the interface decreases.

To gain more insight into the change of shear stiffness of the
headed studs with the fatigue damage accumulated, the shear stiffness
of the headed studs was calculated using the results from each static
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test during the fatigue test according to the equation X' = Fyu/Smax
(Fig. 16). The relationship between the relative shear stiffness and the
number of loading cycles is depicted in Fig. 18. The relative shear
stiffness here refers to the ratio between the current shear stiffness of
the headed stud after experiencing a certain number of fatigue loading
cycles and its initial shear stiffness prior to being tested. It should be
noted that, in Fig. 18, the abscissa refers to relative number of loading
cycles (N/N).

Fig. 18 clearly shows that the shear stiffness of the headed studs
decreases with increasing loading cycles. A sharp decrease can be
observed at the early stage of the endurance, which is followed by
an approximately linear decrease. In addition, for FAT-1, there was
another sharp decrease prior to the fatigue failure. The first sharp
decrease was likely due to the initiation and development of slip
cracks at the steel-UHPC interface. In FAT-1, slip cracks were first
observed when the number of loading cycles reached 2.1 million
cycles (i.e., N/Ny= 0.18), as shown in Fig. 19(a). The second sharp
decrease was probably related to the fatigue load—induced plastic
deformation at the root of headed studs prior to the failure (N/Ny=

J. Bridge Eng.

J. Bridge Eng., 2017, 22(5): -1--1



Downloaded from ascelibrary.org by HUNAN UNIVERSITY on 05/07/17. Copyright ASCE. For persona use only; all rights reserved.

0.97), which caused a sudden debonding at the steel-UHPC inter-
face [Fig. 19(b)].

To correlate the relative shear stiffness to the relative fatigue
life, a nonlinear fitting was performed on the data in Fig. 18.
Hanswille et al. (2007b) reported fatigue test results for the conven-
tional headed studs in normal concrete, and proposed a function to
correlate the slip to the loading cycle. By comparing the shape of
the curves in Fig. 18 to the curves presented in the reference, it can
be seen that the two figures have a similar shape. Thus, a function
similar to that used by Hanswille et al. (2007b) was used here and is
shown in Eq. (15), whereas the fitted results are shown in Table 7.
For comparison, the fitted results are plotted against the test results
for each specimen, as shown in Fig. 20

1 N=0

nm= C1+C21n< —1> 0<N<N; as)

1
N /Ny

where 7 =relative shear stiffness; and C; C; = fitted coefficients.

Relative stiffness

" 1 " 1 " 1 " 1 " 1
0 20 40 60 80 100
NIN, (%)

Fig. 18. Relative shear stiffness against relative loading cycles

According to Fig. 20, the fitted curves correlate well with the test
results, indicating that the fitted curves can adequately reflect the
three phases of the shear stiffness—reduction trend. In addition, the
figure also shows that, when the fatigue cycle is 50% of the endur-
ance life, the shear stiffness reduction can be as high as 40-60%.

Summary and Conclusions

This paper reveals the basic behavior of short-headed studs embed-
ded in UHPC through static and fatigue load tests on push-out speci-
mens. Based on the results from the present study, the following
conclusions can be drawn:

1. The pure static load tests on the specimens showed that the fail-
ure of the specimens was caused by the fracture of the headed
studs from the root, whereas the UHPC layer was still in good
condition except for small localized damage around the headed
studs at the inner surface. Thus, although the headed studs
had a low height-to-diameter ratio of 2.7, they can develop full
strength in thin UHPC layers.

2. The shear stiffness of the short-headed studs was obtained by
applying the secant slope method to the load-slip curves
obtained in the static tests. It was found that the headed studs
had a shear stiffness of k = 266-396 kN/mm per stud based on
different calculation methods.

3. Based on the fatigue test data, a design S-N curve with 95% sur-
vival probability was proposed for the headed studs embedded
in UHPC. The proposed S-N curve lies slightly above the S-N
curve specified in Eurocode 4 for headed studs in normal
concrete.

4. The dynamic slips as well as the static load—induced slips were
observed at the steel-UHPC interface during the fatigue tests.
Both types of slips increased continuously with the increasing
loading cycles, and a sudden increase in slips was observed
prior to failure. The static load—induced shear stiffness of the
headed studs was found to decrease with the loading cycles.

Table 7. Nonlinear Fitting Results of Shear Stiffness Reduction Function

Specimen Frnax/Qu Finin/ Qu AF/Qy C, C,

FAT-1 0.25 0.05 0.21 0.4291 0.0475
FAT-2 0.31 0.06 0.26 0.5803 0.0496
FAT-3 0.34 0.06 0.28 0.5449 0.0528
FAT-4 0.36 0.06 0.30 0.4461 0.0617

Fig. 19. Slip cracks observed at Side B of Specimen FAT-1
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