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Abstract: Many connection systems are available that can transfer tension and shear loads from
a precast concrete wall panel to a floor slab. However, due to the insufficient anchor depth in
relatively thin precast concrete panels, it is difficult to attain adequate ductility and stiffness to ensure
structural integrity. Based on the authors’ previous research results, the supplementary reinforcement
of embedded steel plates in precast concrete wall panels can enhance stiffness while maintaining
allowable displacement and ductility. In this study, three full-size tilt-up precast concrete panels with
embedded steel plates were fabricated. Lateral cyclic loads were applied to full support structures
consisting of a precast concrete wall panel and a foundation. The test results were compared with
the results predicted using existing code equations found in the American Concrete Institute 318-14
and the Prestressed Concrete Institute Handbooks. The test results confirm that the supplementary
reinforcement of thin precast concrete wall panels can provide (i) the required strength based on
current code equations, (ii) sufficient ductility, and (iii) the energy dissipation capacity to resist
cyclic loading.

Keywords: cyclic test; supplementary reinforcement; shear connector; precast concrete wall panel

1. Introduction

Precast concrete wall panels typically have weak planes because the panels are relatively thin,
and so their design is a critical consideration in determining the strength, stability, and integrity of the
building in which they are used. Specifically, the seismic behavior of a precast sandwich panel structure
depends significantly on the connection between the wall panel system and the foundation [1–4].
However, current design codes do not address the seismic design of precast sandwich panel connections.
A Prestressed Concrete Institute (PCI) committee report includes examples of details for connecting
sandwich panels to foundations, to other framing members of the structure, and to other sandwich
panels, but does not mention seismic considerations despite the fact that the seismic performance of
tilt-up wall construction is closely related to its connection system [5–7]. Therefore, the design engineer
faces difficulty in ensuring that the connection details provide sufficient stiffness to resist service
loading within allowable deformation limits while also ensuring that each connection has sufficient
ductility, energy dissipation capacity, and stability to resist seismic loads [8,9]. Adequate stiffness,
ductility, and energy dissipation capacity in the connection system of thin precast concrete wall panels
are critical to the structure’s integrity [10–12].

Among the connection systems, the embedded steel plate in the wall panel shows fairly rigid
performance in the strength and inelastic phase, with some degree of energy dissipation capacity
through ductile deformation [13,14]. Alternatively, headed shear stud connectors attach fully at the steel
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frame around the perimeter of each wall panel for steel frames with partially restrained connections
and reinforced concrete infill walls [15].

Anderson and Meinheit investigated the behavior of grouted anchors installed in cracked concrete and
tested in tension [16,17]. They thoroughly tested a variety of products, anchor configurations, installation
conditions, edge distances, and group anchor spacing. The equations adopted in the PCI Handbook,
6th edition, were formulated using the function of the effective embedment depth of the headed stud (hef)
and stud diameter (d) [18]. The PCI Handbook proposes Equation (1) for a group of anchors:

Vcpg = 26.4 λ n
√

f ′c (d)
1.5

(
he f

)0.5
(1)

where Vcpg is the nominal pry-out shear strength (N), λ is a concrete unit weight factor found in the
American Concrete Institute (ACI) 318 provisions, and n is the total number of anchors in the connection.

ACI 318M-14 proposes Equations (2) and (3) as the prediction equations:

Vcpg = kcpNcbg (2)

Ncbg = 16.75
√

f ′c
(
he f

)1.5
(3)

where kcp is the coefficient for pry-out strength and Ncbg is the concrete breakout strength in tension.
In a previous work, Choi et al. [19] concluded that deformation at the ultimate load and ductility

both increased with respect to the amount of supplementary reinforcement. The strain level of the
reinforcement showed that supplementary reinforcement helped to increase the shear strength as well
as ductility. Thus, supplementary reinforcement is needed in thin precast concrete wall panels in
order to enhance structural performance. These results also indicated that the use of supplementary
reinforcement and deeper embedment (hef) of the headed stud can lead to ductile behavior. Alternatively,
the diagonal reinforcement in the precast wall system provides ultimate effectiveness of reinforcement
tensile strength that can be distributed for better performance of wall panels under earthquake
loads [20].

In this research, three full-scale precast concrete tilt-up wall panels with embedded steel plates were
fabricated and connected to foundations. Tests were performed to investigate the seismic performance
of the connections under reversed cyclic loads at different combined flexure and shear rates. This study
also investigated the effects of longitudinally reinforced bars welded to the embedded steel plates and
the effects of gauge steel plates that were used to center each concrete tilt-up sandwich panel.

2. Experimental Program

2.1. Fabrication

The tests were designed to employ supplementary steel reinforcement as a parameter to assess
the performance of the connection between a concrete wall and its foundation. Table 1 presents the
identification designations (P1, P2, and P3) of the three precast wall panels used in this study and
details about the embedded steel plates used for the connections. Each specimen was connected to the
foundation using four headed studs. The depth-to-diameter ratio (h/d = 4.77) used was relatively small.
Figure 1a shows an embedded steel plate with four headed studs (φ 22 mm) for specimen P1. Two D10
rebars were attached to the embedded steel plates as supplementary reinforcement for specimens P2
and P3, as shown in Figure 1b. For specimen P3, shown in Figure 1c, a gauge steel plate was inserted
between the embedded steel plate and the foundation to reflect field construction conditions.
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Table 1. Identification of specimens and embedded steel plate details.

Specimen
Embedded
Depth of

Stud (mm)

Thickness of
Embedded
Steel Plate

(mm)

Embedment
Depth-to-
Diameter

Ratio (h/d)

Supplementary
Rebar (mm) Stud Type

P1 105 20 4.77 None Headed stud
4-Φ22

P2 105 20 4.77 2-D10(V), L = 300 Headed stud
4-Φ22 + 2 − D10(V)

P3 105 20 4.77 2-D10(V), L = 300 Headed stud
4-Φ22 + 2 − D10(V)
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Figure 1. Embedded steel plate details.

To fabricate each specimen, the studs and shearing bolts were welded onto the embedded plate to
secure the connection, as shown in Figure 2a. Next, the formwork was fabricated, the reinforcement
was assembled, and the connections were installed, as shown in Figure 2b,c. The concrete used in
Figure 2d had a design compressive strength of 24 MPa and was air-cured prior to testing. The tilt-up
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process was conducted by raising the wall foundation after grouting and after the joints were fixed.
Each of the three wall panel specimens was connected using four headed studs with the embedment
depth of 150 mm, and the connection between the wall panel and the foundation was made using a
hook anchor reinforcement of 3-D25 (φ 25 mm). The lateral and vertical reinforcements (D13 φ 13 mm)
were spaced 200 mm apart. Figure 3 shows the layout of the reinforcement details. Detailed information
related to the fabrication and test setup can be found in Kim [20].
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2.2. Loading Procedure

The foundation was fixed on a reaction frame in order to evaluate the performance of the steel
plate connection within the tilt-up insulated precast concrete wall. After fixing the guide frame, the load
beam was cyclically loaded in displacement control mode by employing an actuator with 1000 kN
capacity. Figures 4 and 5 show the installation status and loading details of a specimen, respectively.
Shear force was applied to the wall panel and achieved by fabricating the load frame with four-point
rounded ends.

The load–displacement relationship, which was based on the imposed load, was determined based
on the displacement that was measured for each load applied to the static dissipative tile installed at the
center of the wall. Loading was applied repeatedly in accordance with load cycles. The displacement
for each cycle of loading was recorded in order to determine the status based on the load imposed at
the main rebar of the boundary member and the vertical rebar of the wall. A wire strain gauge was
installed at these locations prior to measuring the strain. Gauges were also installed at the top and
bottom of the wall to measure the horizontal drift, slippage, and shear displacement of each specimen
at locations outside the plane. A dial gauge was also installed at the top and the bottom of the wall in
order to measure shear deformation.
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Figure 5. Load history for the quasi-static reversed cyclic load test for the wall panel.

3. Results and Discussion

3.1. Cyclic Load–Displacement Curve and Failure Model

The relationship between load and displacement in accordance with reversed cyclic loading is shown
in Figure 6. The figures include the maximum load for each specimen and the corresponding displacement.
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With regard to the load–displacement relationship of specimen P1 shown in Figure 6a,
the displacement was 16.16 mm upon positive loading, which corresponds to a maximum load of
122.73 kN. Upon negative loading, the displacement was −16.32 mm with a corresponding maximum
load of −109.23 kN. Thereafter, the load decreased rapidly.

For specimen P2, shown in Figure 6b, the displacement was 16.12 mm upon positive loading,
which corresponds to a maximum load of 158.79 kN. Upon negative loading, it was −16.28 mm with a
corresponding maximum load of −144.03 kN following a slow decrease of the load. The specimen
yielded a load that was approximately 23% greater than that of specimen P3 and approximately 13%
greater than that of specimen P1. Based on these findings, it was determined that these specimen P2
loads were greater than those of their counterparts due to the contribution of the vertical reinforcements
of the connections.

For specimen P3, shown in Figure 6c, the displacement was 12.12 mm upon positive loading,
which corresponds to a maximum load of 138.45 kN. Upon negative loading, the displacement was
−11.90 mm, with a corresponding maximum load of −124.11 kN. The load decreased rapidly and then
stabilized. The specimen yielded a 4-mm displacement sooner than specimen P1. In addition, the load
was approximately 11% greater than that of specimen P1. Specimen P3 also exhibited pinching that
was greater than that for the other two specimens. This outcome was attributed to the slippage of the
bracket and to the inserted steel plate.

Figure 6d shows the envelope curves for all the specimens, which connect the maximum loads of
each cycle based on the load–displacement relationship curve. As explained for the load–displacement
relationship curves, specimen P2 experienced greater resistance than the other two specimens.
Specimen P3 exhibited a slightly lower load value compared to P2. However, the variations of their
displacements were similar up to 8 mm. After the maximum load, a rapid load reduction occurred
due to the failure and fall-off of the non-shrinkage mortar. Specimen P1 yielded after a rapid load
decrease and there was a 2 mm displacement due to cracking in the connection. However, thereafter,
the connection showed a somewhat stable envelope response curve.

The ductility of a shear wall is strongly related to its shear behavior and connection system to
avoid such a brittle failure [21]. Failure patterns for the specimens during loading that generally take
the form of premature connection cracking, breakage of the grout, pull-out of the stud bolt, and breaks
in the connection, respectively, are shown in Figure 7a–d.



Sustainability 2020, 12, 7907 8 of 14

Sustainability 2019, 11, x 8 of 14 

 

  
(a) Premature cracking at the connection (b) Breaking of grout 

  
(c) Pull-out of stud bolt (d) Breaking of connection 

Figure 7. Failure patterns for the specimens. 

The cracks of specimen P1 without supplementary reinforcement, shown in Figure 8a, were 
localized around the embedded steel plate, whereas the cracks in specimen P3 were broadly 
distributed over the specimens until failure, as shown in Figure 8b. Figure 8c,d shows that cracking 
originated on the back of the concrete panel (P2) due to the panel being relatively thin. 

  
(a) P1 (b) P3 

Figure 7. Failure patterns for the specimens.

The cracks of specimen P1 without supplementary reinforcement, shown in Figure 8a, were localized
around the embedded steel plate, whereas the cracks in specimen P3 were broadly distributed over the
specimens until failure, as shown in Figure 8b. Figure 8c,d shows that cracking originated on the back of
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3.2. Summary of Test Results

Tables 2–4 show the test results for each loading phase for each specimen, P1, P2, and P3,
respectively, including failure and load–displacement curve information as well as the characteristics of
the rigidity degradation and energy dissipation for each specimen. Energy dissipation was computed
in terms of the cumulative amount of energy using the displacement of each specimen in each cycle.
The energy dissipation capacity value can be used to assess the seismic performance of a structure.
It represents the capability to dissipate or absorb energy until a member fails, and it is evaluated by the
area that surrounds the load–displacement curve.

Table 2. Test results for specimen P1.

Specimen Cycle Load
Direction

P
(kN)

δ
(mm)

∆ (%)
Peak-to-Peak Stiffness Dissipation Energy (kN·mm)

k (kN/mm) k/k1 Ei Et

P1

1
+ 11.82 0 0.000

1161.50 1.000 0.07 0.07
− −11.41 −0.02 −0.001

2
+ 30.67 0.04 0.003

1045.50 0.900 4.32 4.38
− −32.06 −0.02 −0.001

3
+ 60.05 0.18 0.012

376.16 0.324 35.02 39.40
− −60.32 −0.14 −0.009

4
+ 76.40 1.02 0.067

71.58 0.062 176.95 216.35
− −66.75 −0.98 −0.064

5
+ 68.39 2.06 0.135

32.60 0.028 206.34 422.70
− −66.57 −2.08 −0.136

6
+ 86.70 4.1 0.268

20.27 0.017 369.4 819.10
− −78.29 −4.04 −0.264

7
+ 99.76 6.06 0.396

15.57 0.013 616.89 1435.99
− −88.05 −6.00 −0.392

8
+ 105.16 7.90 0.516

12.58 0.011 832.44 2268.43
− −94.58 −7.98 −0.522

9
+ 117.67 11.72 0.766

9.62 0.008 1561.45 3829.88
− −107.61 −11.70 −0.765

10
+ 122.73 16.16 1.056

7.14 0.006 2174.43 6004.31
− −109.23 −16.32 −1.067

11
+ 119.52 20.04 1.310

5.67 0.005 2748.10 8752.40
− −106.89 −19.90 −1.301

12
+ 95.35 24.58 1.607

4.05 0.003 3270.09 12,022.49
− −102.11 −24.14 −1.578
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Table 3. Test results for specimen P2.

Specimen Cycle Load
Direction

P
(kN)

δ
(mm)

∆ (%)
Peak-to-Peak Stiffness Dissipation Energy (kN·mm)

k (kN/mm) k/k1 Ei Et

P2

1
+ 11.36 0.02 0.001

1203.00 1.000 0.07 0.07
− −12.70 0 0.000

2
+ 32.21 0.02 0.001

767.63 0.638 3.19 3.26
− −29.1 −0.06 −0.004

3
+ 61.79 0.1 0.007

349.47 0.290 31.15 34.41
− −57.03 −0.24 −0.016

4
+ 102.45 0.98 0.064

110.18 0.092 209.36 243.76
− −98.08 −0.84 −0.055

5
+ 109.76 2 0.131

50.76 0.042 332.05 575.82
− −94.31 −2.02 −0.132

6
+ 119.07 4.04 0.264

27.75 0.023 589.01 1164.82
− −102.35 −3.94 −0.258

7
+ 126.66 6.08 0.397

19.83 0.016 878.39 2043.21
− −113.73 −6.04 −0.395

8
+ 134.36 8.08 0.528

15.79 0.013 1188.3 3231.51
− −121.12 −8.1 −0.529

9
+ 153.84 12.22 0.799

11.96 0.010 2276.84 5508.35
− −137.76 −12.16 −0.795

10
+ 158.79 16.12 1.054

9.35 0.008 2980.91 8489.25
− −144.03 −16.28 −1.064

11
+ 153.05 20.00 1.307

6.95 0.006 3779.40 12,268.65
− −128.88 −20.54 −1.342

12
+ 139.54 23.54 1.539

5.56 0.005 3779.8 16,048.40
− −123.73 −23.84 −1.558

13
+ 133.35 28.32 1.851

4.35 0.004 4340.43 20,388.83
− −113.11 −28.32 −1.851

3.3. Normalized Peak-To-Peak Stiffness Curve

The stiffness value of each specimen was calculated by dividing the sum of the absolute values
of the maximum loads (positive and negative loading separately) at each cycle by the value of the
corresponding displacement, so that the degradation ratio of the stiffness value could be normalized
by dividing the initial stiffness value by the overall stiffness value. Figure 9 shows that the initial
stiffness values were calculated as 1161 kN/m, 1203 kN/mm, and 636.75 kN/mm for specimens P1, P2,
and P3, respectively. Specimens P1 and P2 exhibited similar initial stiffness values; however, specimen
P3 showed stiffness that was approximately 47% less than that of the other specimens. The low initial
stiffness value for P3 is attributable to the slippage between the bracket and the inserted steel plate.
The decrease in the initial stiffness value for all the specimens tends to indicate similar behavior.
The degradation rate of the initial stiffness at a displacement of 1 mm follows in the order of P2, P3,
and P1. The stiffness values slowly decreased after a displacement of 1 mm. Many cracks developed in
the specimens after a displacement of around 2 mm.

3.4. Dissipation Energy Curve

The accumulated amount of dissipated energy for the three specimens is shown in Figure 10.
The energy dissipated rapidly after each specimen developed several cracks at the displacement of
approximately 8 mm. Specimens P1 and P3 showed similar amounts of cumulative dissipated energy
at a displacement of 24 mm, whereas P2 had about a 25% higher dissipated energy than the other
specimens. In short, specimen P2 exhibited superior deformability and energy dissipation capacity
compared with the other two specimens. This result for P2 was due to the supplementary reinforcement
that allowed a high capacity for deformation and energy dissipation. However, the use of gauge
steel plates in field construction may reduce the energy dissipation capacity due to bond slippage.
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These results confirm that a lower hef/d ratio (hef/d < 2.5) and/or supplementary reinforcement can lead
to ductile behavior [8].

Table 4. Test results for specimen P3.

Specimen Cycle Load
Direction

P
(kN)

δ
(mm)

∆ (%)
Peak-to-Peak Stiffness Dissipation Energy (kN·mm)

k (kN/mm) k/k1 Ei Et

P3

1
+ 12.46 0.02 0.001

636.75 1.000 0.07 0.07
− −13.01 −0.02 −0.001

2
+ 31.19 0.1 0.007

388.63 0.610 6.92 7.00
− −30.99 0.06 0.004

3
+ 59.97 0.4 0.026

178.63 0.281 49.36 56.35
− −61.50 −0.28 −0.018

4
+ 69.00 1.04 0.068

80.26 0.126 137.00 193.33
− −81.88 −0.84 −0.055

5
+ 80.39 1.58 0.103

49.94 0.078 179.40 372.74
− −81.41 −1.66 −0.108

6
+ 107.91 4.18 0.273

25.84 0.041 520.06 892.80
− −102.43 3.96 0.259

7
+ 118.72 5.9 0.386

19.40 0.030 707.29 1600.01
− −111.69 −5.98 −0.391

8
+ 133.00 8.3 0.542

15.41 0.024 1041.91 2642.00
− −121.52 −8.22 −0.537

9
+ 138.42 12.12 0.792

10.93 0.017 2174.87 4816.87
− −124.11 −11.9 −0.778

10
+ 121.66 16.26 1.063

7.12 0.011 2179.74 6996.60
− −108.73 −16.12 −1.054

11
+ 119.18 19.88 1.299

5.53 0.009 2717.78 9714.38
− −104.81 −20.62 −1.348

12
+ 107.04 24.02 1.570

4.27 0.007 2607.73 12,322.11
− −99.89 −24.46 −1.599

13
+ 111.52 28.96 1.893

3.79 0.006 2753.26 15,075.37
− −105.28 −28.18 −1.842
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3.5. Comparison to Existing Code Equations

The test data were compared with the results predicted according to the existing code equations
found in the literature, such as the concrete capacity design method [22], ACI 318-14 [23], and the
PCI Handbook [18]. Figure 11 presents the comparative results confirming that the ACI 318-14
predictive equation for capacity is clearly conservative and underestimated true strength with low
embedment depth-to-diameter ratios [24]. In contrast, the PCI-predicted results overestimated the
strength compared to the measured results obtained in this study. In short, in this study, the PCI
equation predicted the strength within a range of 0.73–0.95. Therefore, the current ACI 318-14 equation
is feasible regardless of the supplementary reinforcement in the concrete wall panel.
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4. Conclusions

This study investigated and reviewed connection systems between precast tilt-up concrete wall
panels and their foundations to provide sufficient connection strength, ensuring that each connection
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has sufficient ductility, energy dissipation capacity, and stability to resist seismic loads in concrete
precast wall panels.

Regarding the degradation of the initial stiffness value, all specimens presented similar behavior.
The degradation of the initial stiffness value at a displacement of 1 mm followed the order of P2, P3,
and P1. All specimens exhibited numerous cracks at a displacement of 2 mm. Thereafter, the reduction
of the rate of stiffness slowly decreased.

The reason for these findings can be attributed to the low initial stiffness values that were due
to the slippage of the bracket and gauge steel plate. At a displacement of 24 mm, specimens P1
and P2 presented similar amounts of cumulative dissipated energy. However, specimen P2 had
approximately 25% higher cumulative dissipated energy than P1. Therefore, specimen P2 is considered
to have excellent deformability and energy dissipation capacity, which are due to the contribution of
longitudinal stiffening reinforcement without any slippage of the bond. In short, the supplementary
reinforcement of thin precast concrete wall panels can provide (i) the required strength based on current
code equations, (ii) sufficient ductility, and (iii) the energy dissipation capacity to resist cyclic loading.
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