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Abstract: The moment capacity and rotational stiffness of wedge joints, which connect vertical and
horizontal members of assembled support systems, were evaluated experimentally considering
the characteristics of reused members. Since temporary structures, such as supports, tend to be
reused, experiments were conducted with reused members, and the normality of the measured data
was assessed. The lower and upper limits of the 95% confidence intervals of the moment capacity
and rotational stiffness of wedge joints with reused members were determined. Experiments were
also conducted on a joint system with new members to analyze the influence of reused members.
In integrating both new and reused members, the maximum moments of wedge joints were observed
to be normally distributed. The lower limit of the 95% confidence interval of the maximum moment of
joints was 0.997 kNm, and the upper limit was 1.074 kNm. The rotational stiffness of the wedge joint
was evaluated using a trilinear model. The initial rotational stiffness decreased with continued use of
the joint. The average rotational stiffness of the joint, analyzed by combining the results for new and
reused members, was found to be 22.475 kNm/rad for the first interval, 4.705 kNm/rad for the second
interval, and 1.577 kNm/rad for the third interval. The lower limit of the 95% confidence interval of
the initial rotational stiffness was 20.688 kNm/rad, and the upper limit was 24.262 kNm/rad.
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1. Introduction

The construction is known as the killing industry with a high risk for workers. One of the reasons
causing a high risk is that the temporary structures are widely used in construction sites for working.
The representative example of the temporary structure is a scaffolding, which has the biggest potential
for fall accident and each year a significant number of fatalities and there were many concerns about
the bearing capacities of scaffoldings [1–4]. In addition, support system is a temporary structure
frequently used. A support system used during the construction of a permanent structure provides
strong resistance to dead load because vertical, horizontal, and bracing members are installed at
regular intervals.
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Assembled support systems connected by wedge joint between the vertical and horizontal
members are easier to install and dismantle than conventional supports, and as a result, their use has
been gradually increasing in high-rise and large-scale construction projects, given their structural safety
and ease of use. To prevent support collapse accidents, South Korean law stipulates that structural
safety should be ensured through expert review when supports are installed at a site. In addition,
a safety certification system for the minimum required performance exists to make producers and
sellers of supports produce and sell only products that exceed the performance required by the relevant
law [5]. A support system will not collapse if it is designed so that its performance will exceed
the minimum performance required by law and if it is constructed in accordance with approved
design drawings. Although the standards related to the performance and installation of support
systems ensure that a safety factor sufficient to prevent collapse accidents is considered, such accidents
still occur [6].

Although the performance required of support systems is based on new products, both new
and reused products are used on construction sites together. Probabilistic approaches exist for
quantifying the performance of a member in terms of the influence of the reuse of temporary materials,
and the minimum safety factor required can be determined through probabilistic approaches. Various
probabilistic studies on the performance of structures have been conducted [7–10]. In addition,
various studies have been conducted using probabilistic theories for the analysis of the performance of
temporary structures, even though these studies have been limited to new products [11–14].

Zhang et al. [11] performed an experiment to determine the ultimate strength of a multi-story
steel support scaffold frame and the rotational stiffness of the joints. They suggested values for the
average ultimate strength and COV of a steel support scaffold frame based on probabilistic analysis of
the measured data, and they conducted a reliability analysis based on the statistical data. They also
conducted a reliability analysis of the performance of steel scaffold shoring structures used during
concrete construction [12]. Chandrangsu and Rasmussen [13] measured the geometric defects of a
scaffolding system with cuplock-type joints at a construction site. The measured geometric defect
data included 302 out-of-straightness instances, 80 out-of-plumb instances, and 74 loading eccentricity
instances. Probability values were suggested by normalizing the measured geometric defect data.
However, there has not been sufficient probabilistic analysis of temporary structures to suggest design
values for the predominant type of support systems with wedge-type joints. Therefore, to evaluate
the performance of support systems mainly used in actual construction sites in South Korea, a study
involving experimental data for both new and used members, as well as a probabilistic analysis of the
results, is required.

There are various causes of the support system collapse, such as eccentricity of the load, defective
installation of the joint, and geometric defects [14,15]. The rotational stiffness and moment capacity of
the joints have been studied in various parts [16–18]. In addition, many studies have been conducted on
temporary structures, including support systems and scaffolds. Yuan et al. [19] derived the rotational
stiffness of fastener-type joints of tubular steel formwork support (FTSF) systems to obtain data
on the semi-rigid behavior of the joints and the initial geometric imperfections of FTSF systems.
Zhang et al. [20] performed an experiment in which the joints for the main types of steel scaffolds used
in China were classified into rigid and semi-rigid types. They found that the behavior of the semi-rigid
joint type was similar to the actual behavior of the scaffold. Chandrangsu and Rasmussen [13] studied
the stiffness of the joints of cuplock-type with various joint configurations and loading directions
(up, down, left, and right). The initial rotational stiffness of the joint was found to be the highest
when the load was applied in the upward direction, and the stiffness increased as the number of
horizontal members connected to the joint increased. Parabhakaran et al. [15] compared rotational
stiffness values from various analytical models for the rotational stiffness of clamp-type joints and
suggested initial values of the rotational stiffness of clamp-type joints. Peng et al. [21] studied the
behavior of wedge-type support system joints by considering the presence of bracing, the height
of the ground, and the number of floors in the support as variables. They also studied the critical
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load of the assembly and the rotational stiffness of the joint between members with respect to each
variable. Zhu et al. [22] analyzed the moment–rotation curve for the orthogonal couplers of circular
steel pipe scaffolds and found that the relationship between the moment and the rotational angle
was nonlinear when the coupler connection rotated in the vertical plane, whereas it was linear in
the horizontal plane. Liu et al. [23] tested the rotational stiffness of wedge-type joints with plug-in
connectors while other researches about the rotational stiffness studied wedge-type joints with disc
(or rosette) connectors. By vision-based measurement, Lie et al. studied the mechanical properties
of wedge-type joints. Pieńko and Błazik-Borowa [24] studied the numerical model of wedge-type
joints with the disc. By comparing experimental and numerical results, the friction coefficient between
contact surfaces and wedge insertion depths were proposed to apply the numerical model.

In South Korea, Kim et al. [25] suggested an equivalent linear form for the rotational stiffness of
the joint between vertical and horizontal members of a specimen through an overall shape comparison
between experimental and analytical values for wedge-type joints commonly used in South Korea.
Won et al. [26] suggested a trilinear model for the rotational stiffness of the wedge-type joint between
vertical and horizontal members in a support system and conducted research on the moment capacity
of such a system.

Various probabilistic studies have been conducted on the rotational stiffness and moment capacity
of the joints of temporary structures, but the valuable data for wedge joint in support systems
considering reused members is insufficient to apply for design process. Moreover, as the boundary
condition of the joint between vertical and horizontal members is generally assumed to be a simple
hinge in design standards and the safety of a structure is considered to depend on its elastic behavior
within the allowable stress range, there are limitations on accurately predicting the ultimate behavior
of support systems.

Therefore, in this study, experiments reflecting the characteristics of reused members were
performed for wedge joints connecting vertical and horizontal members of assembled support systems,
and the moment capacity and rotational stiffness of wedge joints were analyzed to predict the ultimate
behavior of such support systems on actual sites. Based on the results, the 95% confidence intervals of
the moment capacity and initial rotational stiffness of wedge-type joints were determined by conducting
a probabilistic analysis.

2. Rotational Stiffness of Joint According to Joint Type

The results of studies on the rotational stiffness of the joints of temporary structures are summarized
in Table 1. The initial rotational stiffness of clamp-type joints, which are called right-angle couplers,
ranged from 10.65 kNm/rad to 25.00 kNm/rad. For wedge-type joints, which consist of a joint ring
(rosette) and insert pins, the suggested initial rotational stiffness were between 26.315 kNm/rad and
38.92 kNm/rad. In the case of cuplock-type joints, the initial rotational stiffness was greater than
that of the clamp-type joint the wedge-type joint. The rotational stiffness of joints could be affected
by the number of connected horizontal members as shown in the research of Chandrangsu and
Rasmussen [13]. As the number of connected horizontal members increased, the initial rotational
stiffness was increased since the displacement was restricted.

Table 1. Results of previous studies of joint stiffness.

Classification Joint Type Initial Rotational Stiffness (kNm/rad)

Yuan et al. [19] Clamp 19.95
Zhang et al. [20] Clamp 25.00

Parabhakaran et al. [15] Clamp 10.65

Chandrangsu and Rasmussen [13] Cuplock
108.54 (four horizontal members connected)
88.99 (three horizontal members connected)
83.07 (two horizontal members connected)

Peng et al. [21] Wedge 34.34
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Table 1. Cont.

Classification Joint Type Initial Rotational Stiffness (kNm/rad)

Pieńko and Błazik-Borowa [24] Wedge 38.92

Won et al. [26] Wedge 71.892 (welded)
26.315 (pin)

3. Experimental Program

3.1. Specimen

For the rotational stiffness of a joint, the rotational stiffness of the vertical axis (Ry) of the vertical
member and horizontal member plane was considered among the three-directional rotations of the
joint, as shown in Figure 1. In the tests conducted in this study, a specimen consisted of one vertical
member, one horizontal member, and a joint at which a pin at the end of the horizontal member was
inserted into a ring attached to the vertical member to connect the two members. The load was applied
to the horizontal member in the cantilever state. The opposite moment (-Ry) was not considered in this
study. It is noted that the rotational stiffness of the joint in the opposite direction could be different
than that of the joint in the tested direction since the end of a horizontal member is not symmetric.
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Figure 1. Estimated direction of joint rotational stiffness.

A jig attached to the floor was fabricated to fix the vertical member. The jig consisted of a floor
plate and a round steel bar, and the vertical member was fixed by inserting it into the round steel bar.
The material of the jig was SS400, and the dimensions of the floor plate were 30 mm (height) × 200 mm
(width) × 200 mm (depth). The round steel bar welded to the floor plate was 370 mm in length and
54 mm in diameter (Figure 2).

To measure the displacement and angle that varied as the load was applied to each specimen,
linear variable differential transformers (LVDTs) were installed on the vertical and horizontal members,
as shown in Figure 2. In addition, strain gauges were installed on the joint ring and on the horizontal
member to determine the stress in the joint ring and in the horizontal member. Two LVDTs were
installed on the bottom of the horizontal member. LVDT1 was installed 200 mm from the joint,
and LVDT2 was installed 50 mm from the joint. Strain gauges (S.G.1 and S.G.2) were installed on the
top of the horizontal member at the same positions as those of LVDT1 and LVDT2. In the case of the
vertical member, two LVDTs were installed 100 mm above and below the connection pin, and two
strain gauges were installed (S.G.3 and S.G.4) on the joint ring.
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To reflect the reuse characteristics of temporary materials, experiments on joints were performed
using the vertical and horizontal members that had been used before. Specimens must be prepared
based on the number of uses to obtain accurate data, but it is practically difficult to prepare specimens
based on the number of uses because the history of temporary materials is not managed. Therefore,
specimens were constructed by randomly purchasing products made by the same manufacturer from
a large leasing company, based on the period of use. Eleven sets of products used for one year, eleven
sets of products used for four years, and eleven sets of products used for seven years were purchased.
Specimens composed of a vertical member, a horizontal member, and a joint were constructed for
the experiments, and a wedge-type joint was employed for all of the specimens. Experiments were
also performed with thirteen sets of new members to compare and analyze changes in the moment
capacity and rotational stiffness of the joint due to reuse. The specimens considered in this study are
listed in Table 2. The New-S-3 and Reused-7-6 specimens were excluded from the analysis because
measurement mistakes occurred during the experiment and appropriate data could not be obtained
for them.

Table 2. Classification of test specimens.

Specimen Reused Years Specimen Reused Years

New-S-1

New

Reused-4-1

4 years

New-S-2 Reused-4-2
New-S-3 Reused-4-3
New-S-4 Reused-4-4
New-S-5 Reused-4-5
New-S-6 Reused-4-6
New-S-7 Reused-4-7
New-S-8 Reused-4-8
New-S-9 Reused-4-9

New-S-10 Reused-4-10
New-S-11 Reused-4-11
New-S-12
New-S-13
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Table 2. Cont.

Specimen Reused Years Specimen Reused Years

Reused-1-1

1 year

Reused-7-1

7 years

Reused-1-2 Reused-7-2
Reused-1-3 Reused-7-3
Reused-1-4 Reused-7-4
Reused-1-5 Reused-7-5
Reused-1-6 Reused-7-6
Reused-1-7 Reused-7-7
Reused-1-8 Reused-7-8
Reused-1-9 Reused-7-9

Reused-1-10 Reused-7-10
Reused-1-11 Reused-7-11

3.2. Material Properties

Table 3 shows the specifications of the vertical and horizontal members used in the experiments.
The vertical member was made of SGH 490 steel with a yield strength of 365 MPa, and it had a 432-mm
length, a 60.5-mm diameter, and a 2.6-mm thickness. In selecting the size of the vertical member,
the major consideration is the frequently used size and test condition. The diameter of the vertical
member was selected as 60.5 mm adopted frequently in practice. The vertical member should be
fixed at the top or bottom in order to measure the displacement of the joint system (LVDT1–4). In this
study, the bottom of the vertical member was fixed, as shown in Figure 2, and the vertical member
with 432-mm length (excluding vertical connection part) was selected from the existed products.
The horizontal member was made of STK 400 steel with a yield strength of 235 MPa, and it had a
1468-mm length, a 42.7-mm diameter, and a 2.2-mm thickness.

Table 3. Material properties.

Classification Vertical Member Horizontal Member

Steel grade SGH 490 STK 400
Yield strength (MPa) 365 235

Length (mm) 432 1468
Diameter (mm) × Thickness (mm) 60.5 × 2.6 42.7 × 2.2

3.3. Test Set-Up

The load was applied at a rate of 10 mm per minute using a universal testing machine (UTM)
with a capacity of 200 kN. Out-of-plane motion may occur to the joint because the horizontal and
vertical members are connected using a simple pin. To prevent the occurrence of out-of-plane motion,
a loading guide was installed behind the loading point, as shown in Figure 3a, and the forcing jig at the
end of the UTM was machined to match the curvature of the horizontal member. In addition, the pin or
joint ring can be destroyed as a result of deformation of the joint. Therefore, a prevention guide made
of steel was placed around the joint to prevent accidents caused by debris. To insert a pin into a joint
ring, the pin was hit 3–5 times by a hammer which can ensure the sufficient wedge insertion depth.

As previously mentioned in 3.1, specimens were made by the same manufacturer from a large
leasing company, based on the period of use. Even though the same joint configuration was selected,
there was one difference. The grove size at the end of the horizontal member, which the joint ring
passed to, was different in seven-year used specimens and some four-year used specimens. In these
specimens, the grove size was similar to the thickness of the joint ring (Figure 3c). However, the grove
size was somewhat enlarged in recent products such as new specimens, one-year used specimens,
and some four-year used specimens in order to install the joint ring easily (Figure 3b).
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3.4. Estimation of Rotational Stiffness

The moment–rotation angle relationship for the joint must be calculated to obtain the rotational
stiffness of the joint. The rotation angle can be obtained using the displacements measured by the
LVDTs installed on each specimen, as shown in Equation (1) (see Figure 2).

θ = tan−1(
∆1 − ∆2

d1−2
) − tan−1(

∆3 − ∆4

d3 + d4
) (1)

where ∆1 is the displacement of LVDT1, ∆2 is the displacement of LVDT2, ∆3 is the displacement
of LVDT3, and ∆4 is the displacement of LVDT4. d1-2 is the distance between LVDT1 and LVDT2,
d3 is the distance between LVDT3 and the joint, and d4 is the distance between LVDT4 and the joint
(see Figure 2).

To obtain the joint stiffness from the moment–rotation angle relationship, the rotational stiffness
was evaluated using a trilinear model to predict the actual rotational stiffness of the structure and its
behavior under ultimate conditions (Figure 4).
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4. Results

4.1. Failure Mode

Figure 5 shows the shape of the vertical and horizontal member joint system at failure. As seen
from the figure, the joint ring was deformed in the loading direction for both the new and reused
specimens. It was found that the end of the horizontal member contacted and gradually deformed
the vertical member, leading to a failure. Thus, the moment capacity of joints can be increased by
reinforcing the contact surface or attaching the plate at the end of the horizontal members, as shown in
Fink et al. [27]. The deformation of the vertical member was relatively larger when the reuse period of
the members of the specimen was longer.

The detailed failure mode showed slightly different results according to the grove size at the end
of the horizontal member, as shown in Figure 6. In the case of sufficient space in the grove as mentioned
in Figure 3b, the failure was mainly contributed by the strength of the vertical member where the
horizontal member was contacted (Figure 6a–c). However, the system with the seven-year reused
members, which had little space in the grove (see Figure 3c), showed that the additional resistance
occurred by the contact between the joint ring and grove surface at the horizontal member (Figure 6d).
After the end of the horizontal member was contacted to the vertical member, the joint ring was also
contacted to the grove surface as a loading increased due to the little space in the grove, resulting in
occurring the additional resistance in joint and increasing the vertical displacement of the joint ring.

Moreover, the connection pin was destroyed in a specimen with a reuse period of seven years,
as shown in Figure 7 (Reused-7-2 specimen), indicating that the strength of the connection pin of
a product with a long reuse period may not be sufficient. This phenomenon is undesirable since
wedges are usually made of steel with higher strength than the other elements of the node. Among all
specimens, only one specimen in seven years reused member showed destruction of the connection pin.
It was thought that the quality control system had a problem at that time. To prevent accident from this
destruction in the experimental test, the prevention device should be installed as shown in Figure 3a.

The strains in the joint ring and the horizontal member were analyzed as a function of the load.
The strain analysis results for New-S-9, Reused-1-7, Reused-4-5, and Reused-7-10 are shown in Figure 8.
As the Figure shows, the maximum horizontal member strain values (from S.G.1 and S.G.2) were small
for all of the specimens, and the strains were linear and did not exceed the yield strain. In the case of
the joint ring, however, nonlinear behavior was observed after yielding for all of the specimens (based
on measurements from S.G.3 and S.G.4). This indicates that the failure of the joint system is caused
by the ultimate behavior of the joint ring, regardless of the reuse period. In the case of little space in



Appl. Sci. 2019, 9, 4056 9 of 23

grooves, the moment in joint rings were additionally increased after yielding due to the contribution
of the contact between the joint ring and the grove surface at the end of the horizontal member as
explained in failure mode (Figure 8c,d).
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Figure 6. Detailed failure configuration at joint: (a) System with new products (New-S-9); (b) system with
members used for one year (Reused-1-11); (c) system with members used for four years (Reused-4-11);
(d) system with members used for seven years (Reused-7-2).
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Figure 8. Strain curves of joint ring and horizontal member: (a) New-S-9 (new product); (b) reused-1-7
(one year of use); (c) reused-4-5 (four years of use); (d) reused-7-10 (seven years of use).
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4.2. Probabilistic Value of Moment Resistant Capacity

To evaluate the resistance moment capacity of the joint, the relationship between the moment,
which was calculated by multiplying the distance from the loading point to the joint (500 mm as shown
in Figure 2) by the load value, and the displacement measured by each LVDT was analyzed, as shown
in Figures 9–12. The maximum moment in each specimen is summarized in Table 4.

From Figures 9 and 10, which show the time history relationship between the resistance moment
at the joint and the displacements measured by LVDT1 and LVDT2 installed on the horizontal members,
it was found that the resistance moments of specimens with new members were higher than those of
specimens with reused members. As the reuse period increased, the magnitude of the displacement
increased for a given moment, and the deviation of the moment–displacement curves of the specimens
also increased. Moreover, for longer reuse periods, some specimens yielded at relatively low moment
values. However, it must be noted that the displacements shown in the figures for the new specimens
are small because the capacity of the LVDTs used for displacement measurement was 50 mm, and thus
displacements larger than 50 mm could not be measured. LVDTs with a capacity of 100 mm were used
for measurement of the displacements of the reused specimens. For new specimens, the maximum
displacement will be higher than the measured data. However, it is anticipated that the difference will
be small by viewing the trend of moment–displacement curves of specimens with a one-year reuse
period. In the specimens with a seven-year reuse period and some specimens with a four-year reuse
period, the additional increase of moment was occurred after the yielding. This phenomenon derived
from the contact between the joint ring and grove surface. As explained in the failure mode (Figure 6),
little space in the grove at the end of horizontal members, where the joint ring was passed, developed
the additional resistance in the joint system after yielding the system.

Figures 11 and 12, which illustrate the time history relationships between the resistance moment at
the joint and the displacements measured by LVDT3 and LVDT4, installed on the vertical member, show
that the vertical member exhibited linear behavior until the specimens reached failure and that the slope
decreased as the reuse period increased. Moreover, as the reuse period increased, the displacement
increased for a given moment, and the deviation of the moment–displacement curves of the specimens
also increased. In other words, it appears that an increase in the reuse period decreases the moment
capacity and increases the quality deviation. In particular, as the deviation increase of the specimens
leads to an increase in the member failure probability, it appears that uneven performance of the joint
due to an increase in the reuse period can be a potential cause of the collapse of a support system.

Table 4 shows the maximum moment of each specimen. The maximum moment of the specimens
with new members ranged from 0.88 to 1.26 kNm, with an average value of 1.13 kNm (standard
deviation: 0.11 kNm, coefficient of variance: 0.097). For the specimens with a one-year reuse period,
the maximum moment of the joint ranged from 0.86 to 1.08 kNm, with an average of 0.97 kNm and
a standard deviation of 0.07 kNm (coefficient of variance: 0.068). The average maximum moment
was 0.98 kNm (standard deviation: 0.08 kNm, coefficient of variance: 0.077) for the specimens with a
four-year reuse period and 1.07 kNm (standard deviation: 0.17 kNm, coefficient of variance: 0.160) for
the specimens with a seven-year reuse period.

The average maximum moment of the specimens with new members was the highest. It was
1.16 times higher than that of the specimens with a one-year reuse period, 1.15 times higher than
that of the specimens with a four-year reuse period, and 1.06 times higher than that of the specimens
with a seven-year reuse period. The correlation between the increase in the reuse period and the
average maximum moment was not clear since the additional increase of moment was occurred after
the yielding in some reuse specimens due to the contact between the joint ring and grove surface.
However, it was clear that the standard deviation of the maximum moment increased as the reuse
period increased. In other words, the moment capacity of the joint exhibited a larger deviation as
the reuse period increased, even though the products were made by the same company using the
same materials. This appears to have occurred for various reasons, such as careless handling during
installation and dismantling and the aging of materials that occurs in the reuse process.
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Figure 12. Moment–displacement curve (LVDT4): (a) New product; (b) reused system (one year of
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Table 4. Maximum moments of specimens.

Specimen Maximum Moment (kNm) Specimen Maximum Moment (kNm)

New-S-1 1.05 Reused-4-1 0.97
New-S-2 1.17 Reused-4-2 0.94
New-S-3 Not measured Reused-4-3 0.86
New-S-4 1.02 Reused-4-4 1.01
New-S-5 1.05 Reused-4-5 0.98
New-S-6 1.20 Reused-4-6 0.89
New-S-7 1.13 Reused-4-7 0.98
New-S-8 1.22 Reused-4-8 1.01
New-S-9 1.17 Reused-4-9 1.12
New-S-10 0.88 Reused-4-10 1.07
New-S-11 1.13 Reused-4-11 0.92
New-S-12 1.26 Average 0.98
New-S-13 1.23
Average 1.13
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Table 4. Cont.

Specimen Maximum Moment (kNm) Specimen Maximum Moment (kNm)

Reused-1-1 0.86 Reused-7-1 0.90
Reused-1-2 0.86 Reused-7-2 1.01
Reused-1-3 0.93 Reused-7-3 1.08
Reused-1-4 1.01 Reused-7-4 0.77
Reused-1-5 0.96 Reused-7-5 0.90
Reused-1-6 0.98 Reused-7-6 Not measured
Reused-1-7 1.01 Reused-7-7 1.20
Reused-1-8 1.01 Reused-7-8 1.14
Reused-1-9 0.98 Reused-7-9 1.19
Reused-1-10 0.94 Reused-7-10 1.16
Reused-1-11 1.08 Reused-7-11 1.33

Average 0.97 Average 1.07

To probabilistically estimate the moment capacity of the wedge joints used on actual construction
sites, statistical analyses were conducted using the maximum moment values of the new and
reused specimens tested (Table 5). SPSS Ver. 24 (IBM) was used for the statistical analyses.
Kolmogorov–Smirnov and Shapiro–Wilk normality tests were conducted for 44 experimental values,
excluding the values for New-S-3 and Reused-7-6, which had measurement errors, to determine whether
the measured maximum moment values were normally distributed. The significance probabilities
obtained from the Kolmogorov–Smirnov and Shapiro–Wilk tests exceeded a significance level of 0.05.
This indicates that the maximum moments obtained from the experiments were normally distributed.
Figure 13 shows the estimated normality graph. The lower and upper limits of the 95% confidence
interval of the maximum moment were 0.997 kNm and 1.074 kNm, respectively (Table 6).
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Table 5. Tests of normality of maximum moment.

Kolmogorov–Smirnov Shapiro–Wilk

Statistic df Sig. Statistic df Sig.

Maximum moment 0.125 44 0.083 0.978 44 0.560

Table 6. Probabilistic bending capacity of wedge joint.

Mean 1.036 kNm

95% confidence interval for mean
Upper bound 1.074 kNm
Lower bound 0.997 kNm

4.3. Suggestion of Nonlinear Rotational Stiffness

The rotation angle as a function of the load was calculated using the measured displacement
and Equation (1). Figure 14 shows the moment–rotation curve of each specimen. As the slope of the
moment–rotation curve represents the rotational stiffness, the Figure shows that the specimens with
new members exhibited the highest initial rotational stiffness and that they generally exhibited higher
moment–rotation curves than the reused specimens. As the reuse period increased, the moment–rotation
curves were found to be lower. However, the moment–rotation curves of the specimens with a
seven-year reuse period showed that these specimens exhibited higher stiffness than the specimens
with a four-year reuse period. It is noted that the results of the specimens with seven-year reuse period
shows considerable variability among the specimens.

Appl. Sci. 2019, 9, x FOR PEER REVIEW 16 of 23 

Table 6. Probabilistic bending capacity of wedge joint. 

Mean 1.036 kNm 
95% confidence 

interval for mean 
Upper bound 1.074 kNm 
Lower bound 0.997 kNm 

4.3. Suggestion of Nonlinear Rotational Stiffness 

The rotation angle as a function of the load was calculated using the measured displacement 
and Equation (1). Figure 14 shows the moment–rotation curve of each specimen. As the slope of the 
moment–rotation curve represents the rotational stiffness, the Figure shows that the specimens with 
new members exhibited the highest initial rotational stiffness and that they generally exhibited 
higher moment–rotation curves than the reused specimens. As the reuse period increased, the 
moment–rotation curves were found to be lower. However, the moment–rotation curves of the 
specimens with a seven-year reuse period showed that these specimens exhibited higher stiffness 
than the specimens with a four-year reuse period. It is noted that the results of the specimens with 
seven-year reuse period shows considerable variability among the specimens. 

It was assumed that the moment–rotation curves in Figure 14 could be described by a trilinear 
model (see Figure 4), and the stiffness values (K1, K2, and K3) and rotation angles (β1, β2, and β3) of 
the trilinear model were estimated by interval for each specimen, as summarized in Table 7. Each 
moment–rotation curve was simplified by the third interval where the first interval means the 
initial linear behavior and the second interval includes the moment increase immediately after 
yielding. For the third interval, the overall behavior after yielding was assumed as a linear by 
excluding the moment increase after yielding, even though the additional moment increment was 
shown in all specimens with a seven-year reuse period and some specimens with a four-year reuse 
period. In the case of Reused-4-5, however, the experimental data obtained until the LVDTs broke 
away from the horizontal member were only sufficient to evaluate the initial rotational stiffness. 
Therefore, only the initial rotational stiffness according the trilinear model was evaluated for this 
specimen. 

 
Figure 14. Moment–rotation curves of all specimens. Figure 14. Moment–rotation curves of all specimens.

It was assumed that the moment–rotation curves in Figure 14 could be described by a trilinear
model (see Figure 4), and the stiffness values (K1, K2, and K3) and rotation angles (β1, β2, and
β3) of the trilinear model were estimated by interval for each specimen, as summarized in Table 7.
Each moment–rotation curve was simplified by the third interval where the first interval means the
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initial linear behavior and the second interval includes the moment increase immediately after yielding.
For the third interval, the overall behavior after yielding was assumed as a linear by excluding the
moment increase after yielding, even though the additional moment increment was shown in all
specimens with a seven-year reuse period and some specimens with a four-year reuse period. In the
case of Reused-4-5, however, the experimental data obtained until the LVDTs broke away from the
horizontal member were only sufficient to evaluate the initial rotational stiffness. Therefore, only the
initial rotational stiffness according the trilinear model was evaluated for this specimen.

For the wedge joints with new materials, the initial rotational stiffness (K1) ranged from
14.375 to 35.725 kNm/rad, the rotational stiffness of the second interval (K2) ranged from 5.501
to 8.206 kNm/rad, and the rotational stiffness of the third interval (K3) ranged from 1.302 to
3.885 kNm/rad. For the specimens with a one-year reuse period, K1 ranged from 18.443 to 27.71 kNm/rad,
K2 ranged from 3.166 to 6.481 kNm/rad, and K3 ranged from 0.289 to 2.570 kNm/rad. For the
specimens with a four-year reuse period, the ranges of K1, K2, and K3 were 12.783–27.618 kNm/rad,
3.093–6.509 kNm/rad, and 0.510–1.812 kNm/rad, respectively. For the specimens with a seven-year
reuse period, the ranges of K1, K2, and K3 were 10.428–25.424 kNm/rad, 2.715–7.041 kNm/rad,
and 0.821–2.150 kNm/rad, respectively.

Table 7. K and β values in trilinear model for all specimens.

Classification
K Value (kNm/rad) β Value (rad)

K1 K2 K3 β1 β2 β3

New-S-1 14.375 5.501 3.885 0.039 0.057 0.15
New-S-2 25.955 5.523 1.302 0.02 0.108 0.178
New-S-3 Not measured
New-S-4 32.092 6.845 2.114 0.013 0.064 0.154
New-S-5 26.816 7.820 1.986 0.013 0.062 0.189
New-S-6 31.817 7.026 1.653 0.018 0.079 0.178
New-S-7 30.481 8.206 2.325 0.014 0.069 0.189
New-S-8 35.725 4.730 1.594 0.021 0.081 0.177
New-S-9 24.378 7.195 2.376 0.017 0.071 0.184

New-S-10 15.666 6.805 1.901 0.022 0.052 0.185
New-S-11 18.134 5.715 1.674 0.024 0.125 0.186
New-S-12 35.236 6.261 2.491 0.011 0.103 0.177
New-S-13 25.576 5.813 2.015 0.016 0.121 0.193

Reuesd-1-1 24.467 3.166 0.289 0.022 0.114 0.202
Reuesd-1-2 22.501 6.340 2.472 0.018 0.053 0.124
Reuesd-1-3 19.875 3.829 0.947 0.024 0.113 0.180
Reuesd-1-4 25.468 3.398 1.148 0.02 0.127 0.190
Reuesd-1-5 24.713 4.166 0.959 0.020 0.110 0.173
Reuesd-1-6 18.443 3.860 1.353 0.027 0.118 0.175
Reuesd-1-7 24.007 3.716 1.418 0.023 0.123 0.170
Reuesd-1-8 24.759 5.953 2.570 0.020 0.080 0.123
Reuesd-1-9 23.132 3.266 0.71 0.023 0.108 0.174

Reuesd-1-10 27.071 6.481 2.426 0.020 0.058 0.101
Reuesd-1-11 25.098 3.674 1.131 0.023 0.125 0.190
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Table 7. Cont.

Classification
K Value (kNm/rad) β Value (rad)

K1 K2 K3 β1 β2 β3

Reused-4-1 25.788 3.093 0.744 0.023 0.072 0.317
Reused-4-2 12.783 3.464 1.424 0.030 0.112 0.261
Reused-4-3 15.960 3.238 0.510 0.028 0.094 0.353
Reused-4-4 22.096 3.247 1.394 0.020 0.045 0.200
Reused-4-5 13.498 - - 0.027 - -
Reused-4-6 24.234 3.969 1.104 0.020 0.05 0.293
Reused-4-7 23.755 3.015 0.904 0.021 0.089 0.287
Reused-4-8 27.618 4.230 1.812 0.014 0.035 0.158
Reused-4-9 20.761 6.509 1.321 0.025 0.038 0.15

Reused-4-10 21.201 3.796 1.616 0.024 0.052 0.191
Reused-4-11 26.203 6.039 1.170 0.015 0.044 0.166

Reused-7-1 19.016 2.715 0.821 0.025 0.140 0.210
Reused-7-2 16.897 3.950 1.678 0.100 0.04 0.157
Reused-7-3 25.424 2.872 1.391 0.015 0.101 0.197
Reused-7-4 15.709 5.030 1.474 0.010 0.108 0.160
Reused-7-5 10.428 3.636 1.539 0.023 0.057 0.238
Reused-7-6 Not measured
Reused-7-7 16.652 2.750 2.150 0.025 0.051 0.160
Reused-7-8 22.857 7.041 2.065 0.020 0.043 0.158
Reused-7-9 14.237 3.445 1.602 0.028 0.120 0.199

Reused-7-10 20.633 2.216 1.517 0.018 0.101 0.151
Reused-7-11 17.368 2.772 0.827 0.040 0.123 0.180

The average rotational stiffness values, standard deviations, coefficients of variation, and rotation
angle limit values of the joints of the new and reused specimens are shown in Table 8, and the results
are compared in Figure 15. When the average rotational stiffness values of the two models were
analyzed by interval, it was observed that the stiffness changed significantly depending on the beta
value, which is the basis of the stiffness change. Therefore, the rotational stiffness was calculated as
the average for each specimen, whereas the rotation angle limit value was calculated as a weighted
arithmetic mean, with the rotational stiffness used for weighting, as shown in Equation (2):

β =
kn ·βn

Σkn
(2)

where β is the rotation angle limit value evaluated as a weighted arithmetic mean, Kn is the rotational
stiffness of each specimen, and βn is the rotational stiffness limit value of each specimen.

According to Table 8, which lists the rotational stiffnesses in the trilinear model for the wedge
joint stiffnesses by interval and by reuse period, the initial rotational stiffness of the new specimens
was approximately 26.354 kNm/rad (rotation angle limit value: 0.018), but the initial rotational stiffness
decreased to 23.594 kNm/rad (rotation angle limit value: 0.022), 21.263 kNm/rad (rotation angle limit
value: 0.022), and 17.922 kNm/rad (rotation angle limit value: 0.022) as the reuse period increased to
one, four, and seven years, respectively. In the second interval, the average rotational stiffness was the
highest for the new specimens (6.453 kNm/rad), followed by the average rotational stiffnesses for the
specimens with a one-year reuse period (4.350 kNm/rad), a four-year reuse period (4.060 kNm/rad), and
a seven-year reuse period (3.643 kNm/rad). In the third interval, the average rotational stiffness was the
highest for the new specimens (2.110 kNm/rad), followed by the average rotational stiffnesses for the
specimens with a seven-year reuse period (1.506 kNm/rad), a one-year reuse period (1.402 kNm/rad),
and a four-year reuse period (1.200 kNm/rad).

In the case of a trilinear model of the wedge joint based on combining and averaging the results
for the new and reused specimens, the initial rotational stiffness was 22.475 kNm/rad (rotation angle
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limit value: 0.022 rad), the rotational stiffness of the second interval was 4.705 kNm/rad (rotation angle
limit value: 0.080 rad), and the rotational stiffness of the third interval was 1.577 kNm/rad (rotation
angle limit value: 0.178 rad).

The trilinear model of the new and reused specimens was compared with the trilinear model with
the average values shown in Figure 15. It was found that the initial rotational stiffness of the wedge
joint decreased as the reuse period increased. Compared to the initial rotational stiffness of the new
specimens, the initial rotational stiffness was 89.5% for the specimens with a one-year reuse period,
80.7% for the specimens with a four-year reuse period, and 68% for the specimens with a seven-year
reuse period. The trilinear model parameters calculated using the average values differed from those
for the specimens with increasing reuse periods in the second and third intervals.

Table 8. Suggested rotational stiffness parameter values in trilinear model for wedge joints.

Classification Statistics
K Value (kNm/rad) β Value (rad)

K1 K2 K3 β1 β2 β3

New-S
Average 26.354 6.453 2.110 0.018 0.081 0.176
Std. D 7.241 1.037 0.661 - - -

CV 0.275 0.161 0.313 - - -

Reused-1
Average 23.594 4.350 1.402 0.022 0.096 0.149
Std. D 2.514 1.263 0.763 - - -

CV 0.107 0.290 0.544 - - -

Reused-4
Average 21.263 4.060 1.200 0.021 0.059 0.220
Std. D 5.114 1.236 0.399 - - -

CV 0.241 0.304 0.332 - - -

Reused-7
Average 17.922 3.643 1.506 0.029 0.082 0.178
Std. D 4.305 1.440 0.436 - - -

CV 0.240 0.395 0.290 - - -

Proposal
Average 22.475 4.705 1.577 0.022 0.080 0.178
Std. D 5.879 1.645 0.672 - - -

CV 0.262 0.350 0.426 - - -
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To estimate the initial rotational stiffness of the joints used on actual construction sites as a
probabilistic value, a statistical analysis was conducted using the data for all the news and reused
specimens, except for New-S-3 and Reused-7-6, which were excluded because of measurement
errors. The data for 44 specimens were used. The normality of the initial rotational stiffness values
was assessed using Kolmogorov–Smirnov and Shapiro–Wilk normality tests. As the significance
probabilities obtained from the Kolmogorov–Smirnov and Shapiro–Wilk tests were higher than the
significance level of 0.05, the initial rotational stiffness values were judged to be normally distributed
(Table 9). Figure 16 shows the normality graph of the estimated initial rotational stiffness. The lower
and upper limits of the 95% confidence interval of the initial rotational stiffness were 20.688 kNm/rad
and 24.262 kNm/rad, respectively (Table 10).

Table 9. Tests of normality of initial rotational stiffness.

Kolmogorov–Smirnov Shapiro–Wilk

Statistic df Sig. Statistic df Sig.

Initial rotational stiffness 0.086 44 0.200 0.976 44 0.488
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Table 10. Probabilistic initial rotational stiffness of wedge joint.

Mean Value 22.475 kNm/rad

95% Confidence Interval for Mean
Upper bound 24.262 kNm/rad
Lower bound 20.688 kNm/rad
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5. Conclusions

The moment capacity and nonlinear rotational stiffness of wedge joints, which are the predominant
type of joint used for the connection of the vertical and horizontal members of assembled support
systems, were evaluated by examining the characteristics of new and reused members. Loading tests
were conducted with new and reused specimens, and the behavior, moment capacity, and initial
rotational stiffness of the joints were probabilistically analyzed by reuse period (new versus one, four,
or seven years). The conclusions drawn from the results of this study are as follows.

The failure of joint system was mainly contributed by the strength of the vertical member since
the end of the horizontal member contacted and gradually deformed the vertical member, leading to a
failure. In addition, the specimens with little space in the grove where the joint ring passed showed the
additional resistance occurred by the contact between the joint ring and grove surface at the horizontal
member after joint yielding.

The average maximum moment of the specimens with new members was 1.16 times higher than
that of the specimens with a one-year reuse period, 1.15 times higher than that of the specimens with
a four-year reuse period, and 1.06 times higher than that of the specimens with a seven-year reuse
period. The correlation between the increase in the reuse period and the average maximum moment of
the joint was not clear due to the moment increment in all specimens with seven-year reuse period
and some specimens with four-year reuse period, resulting from the little groove surface. However,
it was clear that the variation in the moment–displacement curves of the specimens increased as the
reuse period increased, indicating that an increase in the reuse period lowered the moment capacity
and increased the quality variation. In particular, as the increase in variation of the joint resistance
performance reflects an increase in the probability of member failure, it appears that the increasingly
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inconsistent performance of wedge joints with increasing reuse period is a potential cause of the
collapse of support systems.

As a result of probabilistically estimating the moment capacity of wedge joints using the maximum
moment values of the new and reused specimens tested, the maximum moments obtained from the
experiments were confirmed to be normally distributed. The lower and upper limits of the 95%
confidence interval of the maximum moment were 0.997 kNm and 1.074 kNm, respectively.

As a result of estimating the joint stiffness by assuming that the rotational stiffness of the joint
could be described by a trilinear model, the average rotational stiffnesses (for both new and reused
specimens) were found to be 22.475 kNm/rad (rotation angle limit value: 0.022 rad) for the first interval,
4.705 kNm/rad (rotation angle limit value: 0.080 rad) for the second interval, and 1.577 kNm/rad
(rotation angle limit value: 0.178 rad) for the third interval. The specimens with a one-, four- and
seven-year reuse periods exhibited initial rotational stiffnesses that were 89.5%, 80.7%, and 68% of the
initial rotational stiffness of new specimens, respectively. A probabilistic analysis of the initial rotational
stiffness for all of the specimens showed that, the lower and upper limits of the 95% confidence interval
of the initial rotational stiffness were 20.688 kNm/rad and 24.262 kNm/rad, respectively.
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24. Pieńko, M.; Błazik-Borowa, E. Verification of the numerical model of insert-type joint of scaffolding in
relation to experimental research. In Proceedings of the AIP Conference Proceedings, Computer Methods
in Mechanics (CMM2017), Lublin, Poland, 13–16 September 2017; AIP: College Park, MD, USA, 2018;
Volume 1922, pp. 1–6.

25. Kim, G.Y.; Won, J.H.; Kim, S.H. Structural behavior analysis of system supports according to boundary
condition of joints between vertical and horizontal members. J. Korean Soc. Saf. 2017, 32, 60–65. (In Korean)

26. Won, J.H.; Lee, H.D.; Choi, M.K.; Park, M.C. Flexural strength and rotational stiffness estimation of joint
between vertical and horizontal members in system support. J. Korean Soc. Saf. 2018, 33, 46–53. (In Korean)

27. Fink, J.; Rubin, D.; Hollmann, K. Anwendung des Innsbrucker komponentenmodells bei der optimierung
eines modernen deckenschaltischs. Stahlbau 2003, 72, 1–9. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.compstruc.2011.03.016
http://dx.doi.org/10.1016/0143-974X(87)90052-6
http://dx.doi.org/10.1016/S0143-974X(98)00237-5
http://dx.doi.org/10.1016/0141-0296(87)90023-X
http://dx.doi.org/10.1016/j.jcsr.2013.07.028
http://dx.doi.org/10.1002/stab.200300010
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Rotational Stiffness of Joint According to Joint Type 
	Experimental Program 
	Specimen 
	Material Properties 
	Test Set-Up 
	Estimation of Rotational Stiffness 

	Results 
	Failure Mode 
	Probabilistic Value of Moment Resistant Capacity 
	Suggestion of Nonlinear Rotational Stiffness 

	Conclusions 
	References

