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■ This paper examines the behavior of connectors in ul-
tra-high-performance-concrete (UHPC) panels under 
direct shear loading. Different connector types were 
examined, including two threaded bolts (a carriage 
bolt and an L-shaped bolt) and two female headed 
inserts (a zamac insert and a flower-shaped insert).

■ A total of 104 panels were fabricated and tested un-
der shear loading with varying parameters for panel 
thickness, connector diameter, polyoxymethylene fi-
ber content, support span length, and edge distance 
of the connector.

■ A design equation is proposed for cast-in connectors 
in ultra-thin UHPC panels with polyoxymethylene 
fibers.

The focus of structural engineering research has 
recently shifted toward achieving more-sustainable 
and more-durable structures. The integration of 

double-wythe precast concrete insulated wall panels plays a 
crucial role in contributing to the sustainability of a building. 
This is achieved by improving energy efficiency and thus re-
ducing the required energy expenditure. The incorporation of 
ultra-high-performance fiber-reinforced concrete (UHPFRC) 
into these structural elements produces wall panels that are 
significantly thinner than conventional sandwich panels. This, 
in turn, leads to panels that require less material, are more 
durable, and can speed up the construction process. This is a 
result of the mechanical properties of UHPFRC, mostly char-
acterized by its compressive strength, which can range from 
120 to 200 MPa (17.4 to 29 ksi). In addition, the incorporation 
of high-strength fibers into the mixture design also results 
in a prolonged postcracking tensile capacity reaching up to 
15 MPa (2.2 ksi).1–6 Because of the material’s high strength 
and durability, thin precast ultra-high-performance concrete 
(UHPC) panels can also be used for a wide range of applica-
tions, including decking, flooring, and roofing.

Past researchers have investigated the behavior of UHPFRC 
in double-wythe precast concrete wall panels, also known as 
sandwich panels.7,8 These panels are typically used as exteri-
or or interior walls and consist of two concrete wythes with 
an insulation layer, such as extruded polystyrene (XPS) or 
expanded polystyrene (EPS), in between the two wythes and 
can vary in thickness and type depending on the intended 
thermal resistance of the precast concrete wall.9,10 The two 
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concrete panels are connected using shear connectors, which 
enable the composite action designed for the panel.11 Sylaj 
et al.7 and Sylaj and Fam8 investigated the incorporation of 
UHPFRC in sandwich panels by testing 25 mm (1 in.) thick 
concrete wythes under flexural, axial, and combined loading 
scenarios and concluded that the panels satisfied the deflec-
tion limitations required.

These precast concrete insulated wall panels are mechanically 
anchored to the frame of the building using varying connection 
types and installation methods. These include the use of cast-in 
or postinstalled connectors. These connections are used to resist 
axial and shear loads and securely fasten the panels to the frame 
of the structure. One of the loading scenarios includes the self-
weight of the double-wythe precast concrete wall panels, which 
generates a shear force onto the embedded connectors.

The American Concrete Institute’s Building Code Requirements 
for Structural Concrete (ACI 318-19) and Commentary (ACI 
318R-19)12 and the Canadian Standards Association’s Design of 
Concrete Structures (CSA A23.3:19)13 codes state that connec-
tors embedded in conventional concrete can have one of the 
following failure modes under shear loading (Fig. 1):

•	 steel failure (that is, the connector itself)

•	 concrete pryout

•	 concrete breakout

ACI 318-19 concrete breakout design was established using 
the concrete capacity design (CCD) method, which confirmed 
that the angle created from a breakout failure was at 35 
degrees from the breakout failure surface.14 ACI 318-19 states 
that the estimated concrete breakout shear capacity V

u
 of a 

connector embedded in concrete should not exceed the small-
er of Eq. (1) and (2), which adopted a 5% fractile to account 
for cracking. In addition, a modification factor was designed 
to be implemented in cases where the thickness of the panel 
was smaller than 1.5 times the edge distance of the connector.
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where

l	 = embedment (bearing) length

d
o
	 = outer diameter of connector

′fc 	 = concrete compressive strength

c	 = edge distance to the free edge 

	 Vu = 3.7 ′fc c
1.5 	 (2)

Grosser et al.15 analyzed the behavior of single adhesive 
connectors installed in thick normal concrete slabs under 
shear loading near a free edge. The study varied the effect of 
different parameters on the breakout strength, including the 
diameter of the connector, embedment depth in the concrete, 
and edge distance. The shear capacities of the connectors 
were evaluated while varying the direction that the shear 
force was acting upon, including a shear force acting perpen-
dicular, parallel, and oblique to the free edge of the panel. 
Following the experimental and numerical analyses, the study 
recommended slight modifications for the concrete break-
out strength specifications for connectors subjected to shear 
loading (Eq. [3]).
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Tarawneh, Ross, and Cousins16 and Prejs, Jawdhari, and Fam17 
studied the performance of postinstalled connectors in thin 
concrete members. Tarawneh, Ross, and Cousins16 analyzed 
the performance of adhesive and screw connectors fully 
embedded in concrete panel members ranging in thickness 
from 51 to 102 mm (2 to 4 in.). Other parameters varied in 
this study included connector diameter, edge distance, and 
the compressive strength of the concrete. After examining 
the behavior of 149 samples, the researchers addressed the 
predictability of the CCD method and the ACI 318-19 design 
equations. It was determined that the design equations under-
estimate the shear capacity as the embedment depth to edge 
distance ratio decreases below 1.5 and the design equations 
were modified accordingly to be used in thin panels. Similar-
ly, Prejs, Jawdhari, and Fam17 studied postinstalled screw con-
nectors and threaded rod connectors in thin UHPFRC panels. 
They compared the experimental results with the estimated 
shear capacity using the ACI standard, as well as the modified 
design equations to see if they would accurately predict the 
shear capacity. It was established that all the design equations 
overestimated the actual shear strength of postinstalled con-
nectors in thin UHPFRC panels. As such, new design Eq. (4) 

Figure 1. Different failure modes. Note: V = shear loading.
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and (5) were developed:

The equation for screw connectors is as follows:

	 Vu = 5.73×10
−5 l0.65do

0.33 ′fc c
1.34 	 (4)

The equation for threaded rod connectors is a as follows:

	 Vu = 1.35 10 3l0.71do
0.03 0.36 fc c0.8

	 (5)

where

ρ
f
	 = fiber content by volume

Choi, Joh, and Chun18 investigated the behavior of cast-in 
connectors that were embedded in 100 mm (4 in.) thick 
UHPFRC panels and assessed the performance of these 
connectors under tensile and shear loads. The parameters 
studied involved variation in the embedment depth and 
the edge distance. Results showed a positive relationship 
between the embedment depth of the connectors and tensile 
and shear capacities. Compared with the predicted loads 
by the CCD method used for normal-strength concrete, the 
experimental loads of the cast-in connectors in UHPFRC 
panels enhanced the pullout capacities by a factor of 1.55 
for connectors located in the center of the panel and by 1.23 
for connectors located near the free edge of the panel. Choi, 
Joh, and Chun18 also deduced that the embedment of connec-
tors in UHPFRC would result in enhanced shear capacities 
by a factor of 1.07. Consequently, a modified design Eq. (6) 
was developed for connections in UHPFRC panels that 
correspond to the breakout of those connections under shear 
loads.
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Although there have been thorough studies on the behavior 
of postinstalled connections in thin UHPFRC panels under 
shear loads, there is no known research that has investigated 
the shear capacity of cast-in (that is, preinstalled) connectors 

in ultra-thin UHPFRC panels. This paper addresses this gap 
through the application of different cast-in connector types 
in ultra-thin UHPFRC panels tested under shear loading to 
investigate their feasibility and behavior.

Experimental program

The following sections discuss the materials used and the 
shear test setup. A total of 104 samples were fabricated and 
tested. The bulk of the tests had three repetitions. According-
ly, a total of 36 tests with varying parameters were completed 
to investigate the effect of each on the overall performance of 
the UHPFRC panels. The test matrix (Table 1) included vari-
ation in the panel thickness t, connector diameter d

o
, support 

span length l
s
, edge distance c, and fiber content ρ

f
.

Material properties

Connectors To understand how different connector types 
behave in UHPFRC, four types of cast-in connectors were 
tested in this study; two of these were bolt types and the other 
two consisted of internally threaded female inserts (Fig. 2). 
The initial connector investigated in this project was the cast-
in-place zamac insert with an ultimate tensile load of 11.6 kN 
(2.6 kip), according to the manufacturer’s data sheet. This 
insert, which is 25 mm (1 in.) in length and has a threaded in-
ternal diameter of 9.53 mm (0.38 in.) and an external diameter 
of 22.2 mm (0.87 in.), is a commercially available connec-
tor that is designed to be preinstalled in wet concrete and is 
known for its rust-resistant properties. Thus, it would typi-
cally be used in a wall-to-frame connection design; however, 
it was observed during early testing that this connection fails 
prematurely within the metal, making it inadequate for use in 
UHPC panels.

The second and third connectors are also commercially avail-
able options, namely stainless-steel L bolts and a carriage bolt 
with minimum tensile yield strengths of 248 and 896 MPa (36 
and 130 ksi), respectively. The L bolts used varied in diameter 

Table 1. Test matrix

Parameter Variables

Connector type
Zamac insert (headed, tapered, and internally threaded), flower-shaped insert (internal-
ly threaded), L-shaped bolt (externally threaded), carriage bolt (externally threaded)

Connector diameter do, mm 7.94, 9.52, and 12.7

Panel thickness t, mm 15, 25, and 38

Edge distance c, mm 25, 38, 51, 64, 76, and 89

Fiber content by volume ρf, % 1, 2, and 3

Support span length ls, mm 279, 330, and 381

Number of repetitions 3

Total number of tests 104

Note: 1 mm = 0.0394 in.
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from 9.53 to 12.7 mm (0.38 to 0.5 in.) and had a hook length 
of 25 mm (1 in.). The carriage bolts used varied in diameter: 
7.9 mm (0.3 in.), 9.53 mm, and 12.7 mm. The final connec-
tion type was an insert with external and internal threaded 
diameters of 13 and 7.9 mm (0.51 and 0.3 in.), respectively. 
They also varied in length to accommodate for the thickness 
of the panel they were being embedded in. The carriage bolt 
is labeled as a “flower” insert in this study because of the 
custom head shape. This insert is also commercially available 
and was supplied by the Canadian Precast Concrete Institute 
to be tested and analyzed.

Ultra-high-performance, fiber-reinforced concrete The 
UHPFRC was mixed using preblended material designed by 
the manufacturer. The concrete was self-leveling with 12 mm 
(0.47 in.) long polyoxymethylene (POM) fibers. These fibers 
had a diameter of 0.2 mm (0.008 in.) and a tensile strength of 
950 MPa (138 ksi), as stated by the suppliers, and were select-
ed over steel fibers due to their resistance to fire and inability 
to produce rust spots. In practice, the optimal fiber content is 
2% by volume,19 which was used in this study. In this study, 
the fiber content was varied from 1% to 3% to determine the 
effect of the fiber percentage on the shear strength of connec-
tions as well as on the compressive strength of the concrete.

To determine the compressive strength of the UHPC with 
different fiber content, 75 × 150 mm (2.9 × 5.9 in.) concrete 
cylinders were tested at 28 days. It was concluded that for 
water-cured cylinders with 1% and 2% POM, the average 
compressive strengths at 28 days were 115 and 119 MPa (16.7 
and 17.3 ksi) with standard deviations of 1.4 and 1.1 MPa (0.2 
and 0.16 ksi), respectively. For the air-cured cylinders cast 
with 1%, 2%, and 3% POM fibers, the respective compres-
sive strengths averaged 85, 109, and 89 MPa (12.3, 15.8, and 
12.9 ksi) at 28 days, with standard deviations of 4.8, 14.3, and 
5.6 MPa (0.7, 2.1, and 0.8 ksi), respectively. The remaining 
cylinders were tested at various stages to observe the change 
in strength over time. For the zamac insert connector that was 
used on a limited basis because of its consistent premature 
failure and poor performance, the samples were cast using 

higher POM fiber content (4%) at early stages of the project. 
For these samples, the average compressive strength of the 
air-cured cylinders was 105 MPa (15.2 ksi) at 28 days with a 
standard deviation of 10.95 MPa (1.6 ksi). 

Fabrication and specimen parameters

The test specimens (104 total) were fabricated using a total 
of six UHPFRC casts of identical mixture proportions. The 
parameters investigated in this study were the slab thickness 
t (15 to 38 mm [0.6 to 1.5 in.]), fiber content ρ (1% to 3%), 
connector type (carriage bolt, L bolt, cast-in-place zamac in-
sert, and flower insert), connector diameter d

c
 (7.9 to 12.7 mm 

[0.3 to 0.5 in.]), edge distance c (25 to 89 mm [1 to 3.5 in.]), 
and support span (279 and 381 mm [11 and 15 in.]). The 
bottom edge distance below the connection was sufficiently 
large for all specimens to avoid pryout failure in this study. 
All connections were fully embedded in the panels with the 
head of all connectors being flush with the surface, excluding 
the following:

•	 the L bolt that had a consistent 10 mm (0.4 in.) concrete 
cover to avoid breakout of the connector from the backside

•	 the flower insert in the 38 mm (1.5 in.) thick panel that 
had a 13 mm (0.5 in.) concrete cover because of its limit-
ed length of 25 mm (1 in.). 

The formwork was designed to have the specimens cast into 
individual panels that varied in size between 305 × 305 mm 
(12 × 12 in.), 356 × 305 mm (14 × 12 in.), and 406 × 305 mm 
(16 × 12 in.). The flat-headed inserts (Fig. 2) were secured to 
the form at their designated location using double-sided tape, 
whereas the carriage and L bolts were held using suspension 
panels connected above the forms to avoid slipping during 
casting (Fig. 3). The UHPFRC was mixed using a high-shear 
mixer and in accordance with the manufacturer’s instructions. 
Soaked burlap was placed over the samples with a polyeth-
ylene sheet to reduce the speed of water evaporation after 
pouring and were cured for 7 days after casting. After curing, 

Figure 2. Connector types.
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the samples were removed from the formwork and stored at 
room temperature until they were ready to test.

Preliminary trial tests were conducted on the cast-in-place za-
mac insert, which was embedded at varying edge distances in 
UHPFRC specimens reinforced with 4% POM fibers. These 
tests were completed to assess the viability of this connection. 
It was apparent that the connection, even when embedded in 
its weakest panel, was not suitable for use in UHPFRC due to 
a consistent failure mode governed by the connector fracture.

Shear test setup

The testing frame was designed in accordance with the 
ASTM E488 standard20 for strength of connectors in concrete 
members (Fig. 4). The aluminum frame consisted of two 
vertical sections on each side that were connected to two hor-
izontal members using steel bolts and nuts. This allowed the 
frame to have the versatility to be adjusted in width and depth 
to allow for different panel sizes and thicknesses. The frame 
was then secured to the testing machine using four C clamps 
at each corner.

The concrete specimen was sandwiched between the vertical 
members and supported at two bearing points at its top edge. 
These bearing points consisted of small steel plates that were 
layered with neoprene to reduce the friction between the sup-
ports and the panel surface. The connector being tested was 
connected to a coupler, which comprised three steel plates 
connected to one another using threaded rods and nuts. This 
coupler was then connected to an eyebolt, which was fastened 
to the crosshead of the testing machine, guaranteeing the ap-
plication of a direct shear force. The crosshead of the machine 
translated upward, creating a shear force on the connector, at a 
rate ranging from 0.75 to 1.25 mm/min (0.03 to 0.05 in./min) 
to ensure that the initial failure would occur within 5 minutes 
of testing, according to ASTM E488.20 Two linear potentiom-

eters were used to accurately calculate the displacement of the 
connector embedded in the panel. The first one was placed on 
a steel angle that was connected to the coupler to measure the 
displacement of the connector. Another linear potentiometer 
was placed on a steel angle connected to the frame’s vertical 
member to measure the elastic elongation of the aluminum 
frame during testing. A calibration was established to cor-
relate vertical displacement of the frame to load. This calibra-
tion was then used to deduct frame displacement and arrive at 
the net vertical displacement of the connector.

Experimental results and discussion

The following sections discuss the behavior of cast-in connec-
tors under direct shear loading. The different failure modes 
were detailed in addition to the ultimate shear loads that were 
obtained as the parameters of the panel varied. The results 
are summarized in Tables 2 through 5 for the four different 
connector types, and failure modes are given in Fig. 5 through 
8. There was a wide range of the ultimate shear capacity of 
the connectors, from 3.0 to 13.6 kN (0.7 to 3 kip), depending 
on the parameter being investigated.

Failure mode and general behavior

In the cases of the carriage bolt and headed insert, the failure 
mode was governed by a V-shaped concrete cone breakout 
in all cases (Fig. 5 and 7). This occurred regardless of the 
fiber content, edge distance, panel thickness, or span length. 
When the fiber content was increased to 3%, the samples 
showed a failure mode that had more random propagation 
in the cracks due to the increase in fibers and their random 
orientation within the panel. As the distance from the con-
nector to the top free edge increased to 76 and 89 mm (3 and 
3.5 in.), there was also a clear vertical split crack within the 
V-shaped wedge, which did not occur for panels with small 
edge distance.

Figure 3. Fabrication process.

Headed insert affixed with double-sided tape Carriage bolt aligned using suspension panels
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The panel thickness had no noticeable impact on the failure 
mode for the carriage bolt and flower insert in most cases. 
When they were embedded in the 25 and 38 mm (1 and 
1.5 in.) thick panels, they would consistently form a cone 
breakout with the occasional vertical crack; however, in the 
15 mm (0.6 in.) thick panel, they would show a cone breakout 
that would extend horizontally due to accidental eccentricity 
during testing. In addition, a change in the diameter of the 
bolt showed no impact on the failure mode of the panels.

The L bolt behaved differently compared with the former con-
nector types. Due to the geometry of the connector, the failure 

mode during testing was consistently governed by the connector 
rather than the concrete (Fig. 6). Even when placed in its weakest 
panel, the result would regularly show minor thin hairline cracks 
followed by clear connector yielding. There was only one partic-
ular case that showed a full concrete breakout, which is attributed 
to the diameter of the L bolt being increased from 9.5 to 12.7 mm 
(0.4 to 0.5 in.). The increase in the diameter of the bolt allowed it 
to have a higher shear capacity compared with the smaller diame-
ter, which resulted in a concrete breakout.

The specimens cast with the zamac insert regularly dis-
played clear connector failure (Fig. 8) by shearing the head 

Figure 4. Shear test setup. Note: UHPC = ultra-high-performance concrete.
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Table 2. Carriage bolt experimental shear results

Test 
number

do, mm t, mm
Fiber  

content, %
Slab size, 

mm
ls, mm l, mm c, mm Vu, kN

Average 
Vu, kN

Standard  
deviation, kN

COV
Failure 
mode

1 7.9

15

2 406 × 305 381 15 89

6.9

6.0 0.67 0.11

CCB

15.5 5.3 CCB

14 5.7 CCB

2 7.9

24

2 356 × 305 330 25 76

9.5

9.4 0.16 0.02

CCB

25 9.2 CCB

25.5 9.5 CCB

3 9.5

14

2 356 × 305 330 15 76

5.1

5.5 0.36 0.07

CCB

13.5 5.9 CCB

13.5 5.5 CCB

4 9.5

15

2 406 × 305 381 15 76

4.9

5.0 0.12 0.02

CCB

14 5.0 CCB

14 5.2 CCB

5 9.5

24.5

2 305 × 305 279 25 25

3.7

3.9 0.36 0.09

CCB

25 4.4 CCB

24 3.6 CCB

6 9.5

25

2 305 × 305 279 25 38

4.2

4.4 0.12 0.03

CCB

25 4.4 CCB

25 4.5 CCB

7 9.5

25

2 305 × 305 279 25 51

6.1

6.3 0.18 0.03

CCB

25 6.6 CCB

23 6.3 CCB

8 9.5

24

2 305 × 305 279 25 64

6.7

6.5 0.49 0.08

CCB

21 5.8 CCB

23 6.9 CCB

9 9.5

25

2 356 × 305 330 25 76

9.3

8.6 0.44 0.05

CCB

25 8.3 CCB

24 8.4 CCB

10 9.5

24

2 406 × 305 381 25 76

9.1

8.8 0.22 0.03

CCB

22 8.6 CCB

24 8.7 CCB

11 9.5
23

2 406 × 305 381 25 89
9.3

8.8 0.48 0.05
CCB

23 8.3 CCB

12 9.5

25

1 305 × 305 279 25 64

5.8

6.5 0.93 0.14

CCB

24 5.9 CCB

26 7.8 CCB

continued on p. 32
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of the insert off. In specific cases where the connector was 
located close to the edge, there was a combination of con-
nector failure and concrete cone breakout.

Effect of connector diameter

Figure 9 plots the average ultimate shear load obtained for 
the carriage and L bolts with respect to the diameters of these 
connections. The carriage bolts were embedded in 25 mm 
(1 in.) thick panels reinforced with 2% POM. As the diameter 
of the carriage bolt increased from 7.9 to 12.7 mm (0.3 to 
0.5 in.), the load increased by 10%, from 9.4 to 10.3 kN (2.1 
to 2.3 kip) due to the increase in the load-bearing area being 
controlled by the diameter.

Figure 9 also plots the shear capacity for the 9.5 and 12.7 
mm (0.4 and 0.5 in.) diameter L bolts embedded in a 38 mm 
(1.5 in.) thick panel reinforced with 2% POM. There was a 
64% increase in strength, from 7.7 to 12.6 kN (1.7 to 2.8 kip), 
as the diameter of the L bolt increased from 9.5 to 12.7 mm. 
The justification for this increase is primarily due to the fail-
ure mode for the panels, with 9.5 mm L bolts being controlled 
by the connector rather than the UHPC. This resulted in a 
lower shear capacity. For the panels that had a 12.7 mm L bolt 
diameter, the failure mode was governed by the concrete and 
formed a concrete cone breakout at failure. This allowed the 
concrete to reach its full capacity, resulting in a higher overall 
shear capacity.

Figure 9 shows the load-displacement response of carriage 
bolts of different diameters. An initial nearly linear response 
can be seen until the peak load is reached. The load then 

drops gradually because of the fibers as they control the rate 
of crack opening. Both connector diameters also showed con-
siderable and comparable deformations after the samples had 
reached the peak load.

Effect of connector type

A comparison between the connector types with matching 
parameters was also investigated. Figure 10 compares the 
load-displacement responses of samples of different connec-
tion types. Figure 10 compares the carriage bolt that had a 
diameter of 12.7 mm (0.5 in.) and the headed flower insert 
that had a similar external diameter of approximately 13 mm 
(0.5 in.), both with a UHPC panel thickness of 25 mm (1 in.) 
and connector edge distance of 76 mm (3 in.). Figure 10 
also shows that both types had a similar strength and over-
all behavior. A similar result was shown when a 12.7 mm 
diameter L bolt was compared to the flower insert of 13 mm 
outer diameter in a 38 mm (1.5 in.) thick panel. Moreover, 
Fig. 10 shows that changing the shape of the connectors had 
no influence on the shear strength and ductility of the panel, 
provided that the diameter of the connector in contact with 
concrete is similar.

Effect of POM fiber content

Figure 11 presents the effect of fiber content on the shear 
capacity and behavior of the connectors. This study inves-
tigated a variation in POM fiber content from 1% to 3% 
for the carriage bolt and flower insert in panels that were 
25 and 15 mm (1 and 0.6 in.) thick, respectively. For a 
connector placed 64 mm (2.5 in.) from the free edge, the 

Table 2. Carriage bolt experimental shear results (continued from p. 31)

Test 
number

do, mm t, mm
Fiber  

content, %
Slab size, 

mm
ls, mm l, mm c, mm Vu, kN

Average 
Vu, kN

Standard  
deviation, kN

COV
Failure 
mode

13 9.5

25

3 305 × 305 279 25 64

10.4

9.9 0.52 0.05

CCB

25 10.0 CCB

25 9.2 CCB

14 12.7

25

2 356 × 305 330 25 76

11.6

10.4 1.20 0.12

CCB

23 10.8 CCB

23 8.7 CCB

15 9.5

37

2 356 × 305 330 38 76

11.9

11.9 0.50 0.04

CCB

37 11.3 CCB

38 12.5 CCB

16 9.5

35

2 406 × 305 381 38 76

9.4

10.9 1.37 0.13

CCB

38 12.7 CCB

35 10.4 CCB

Note: CCB = concrete cone breakout; COV = coefficient of variation; c = edge distance; do = nominal connector diameter; l = embedment depth; ls = 

support span length; t = panel thickness; Vu = ultimate shear load. 1 mm = 0.0394 in.; 1 kN = 0.225 kip.
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carriage bolt showed no increase in strength from 1% to 
2% POM fiber content. The average remained at a constant 
of 6.5 kN (1.5 kip); however, there was a 52% increase 
in strength, from 6.5 to 9.9 kN (1.5 to 2.2 kip), when the 
fiber content increased from 2% to 3%. A similar growth 
of 53% was shown for the flower insert as the fiber content 
was increased from 2% to 3%, with a small effect when it 
increased from 1% to 2%. Increasing the fiber content to 
3% also showed a noticeable effect on the load-displace-
ment responses, with significant increases in ductility and 
progressive failure compared with the samples with 1% and 
2% fiber content due to the crack bridging of the fibers. A 
similar observation was reported for postinstalled connec-
tors.17

Effect of UHPC panel thickness

Figure 12 displays the effect of panel thickness on ultimate 
shear strength and load-displacement responses. All of these 
tests consisted of connectors that were fully embedded in 
panels cast with 2% POM fibers. The carriage bolt tests 
were 9.53 mm (0.375 in.) in diameter and located 76 mm (3 
in.) from the edge, whereas the flower insert tests were all 
7.9 mm (0.3 in.) insert diameters and were also at an edge 
distance of 76 mm. Increasing the thickness of the plate 
from 15 to 25 mm (0.6 to 1 in.) resulted in average increas-
es of 57% and 62% for the carriage bolt and flower insert, 
respectively. This is consistent with the ACI 318-19 design 
provisions, which state that the ultimate shear capacity of 

Table 3. L-shaped bolt experimental shear results

Test 
number

do, mm t, mm
Fiber  

content, %
Slab 

size, mm
ls, mm l, mm c, mm Vu, kN

Average 
Vu, kN

Standard  
deviation, kN

COV
Failure 
mode

1 9.5

24

2 356 × 305 330 15 76

7.9

8.3 0.38 0.05

CF/TC

25 8.8 CF/TC

27 8.2 CF/TC

2 9.5

26

2 406 × 305 381 15 76

8.7

8.5 0.21 0.02

CF/TC

25 8.2 CF/TC

25 8.5 CF/TC

3 9.5

38

2 305 × 305 279 28 38

6.6

6.2 0.63 0.10

CF/TC

36 6.7 CF/TC

36 5.3 CF/TC

4 9.5

38

2 305 × 305 279 28 51

6.9

7.5 0.44 0.06

CF/TC

37 7.9 CF/TC

37 7.8 CF/TC

5 9.5

34

2 305 × 305 279 28 64

7.9

7.9 0.05 0.01

CF/TC

35 7.9 CF/TC

37 8.0 CF/TC

6 9.5

40

2 356 × 305 330 28 76

7.2

7.7 0.36 0.05

CF

40 7.9 CF

38 7.9 CF

7 9.5

36

2 406 × 305 381 28 76

7.2

7.6 0.34 0.04

CF

35 7.9 CF

37 7.8 CF

8 12.7

38

2 356 × 406 330 28 76

12.2

12.6 0.35 0.03

CCB

37 12.6 CCB

40 13.1 CCB

Note: CCB = concrete cone breakout; CF = connector failure; COV = coefficient of variation; c = edge distance; do = nominal connector diameter; l = em-

bedment depth; ls = support span length; t = panel thickness; TC = thin hairline cracks; Vu = ultimate shear load. 1 mm = 0.0394 in.; 1 kN = 0.225 kip.
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Table 4. Flower-shaped insert experimental shear results

Test 
number

do, mm t, mm
Fiber  

content, %
Slab 

size, mm
ls, mm l, mm c, mm Vu, kN

Average 
Vu, kN

Standard  
deviation, kN

COV
Failure 
mode

1 7.9

13

2 305 × 305 279 15 25

3.6

3.4 0.28 0.08

CCB

15 3.0 CCB

14 3.5 CCB

2 7.9

14

2 305 × 305 279 15 51

3.7

4.0 0.88 0.22

CCB

13 5.3 CCB

15 3.2 CCB

3 7.9

14

2 305 × 305 279 15 64

4.2

5.1 0.60 0.12

CCB

14 5.6 CCB

14 5.3 CCB

4 7.9

16

1 305 × 305 279 15 64

4.5

4.5 0.13 0.03

CCB

15 4.6 CCB

15 4.3 CCB

5 7.9

16

3 305 × 305 279 15 64

7.5

7.8 1.08 0.14

CCB

17 9.2 CCB

15 6.6 CCB

6 7.9

14

2 356 × 305 330 15 76

6.9

6.4 0.78 0.12

CCB

16 7.1 CCB

14 5.4 CCB

7 7.9

25

2 356 × 305 330 25 76

10.8

10.5 0.53 0.05

CCB

25 10.8 CCB

23 9.7 CCB

8 7.9

39

2 356 × 305 330 25 76

12.7

12.8 0.49 0.04

CCB

37 12.3 CCB

37 13.4 CCB

Note: CCB = concrete cone breakout; COV = coefficient of variation; c = edge distance; do = nominal connector diameter; l = embedment depth; ls = 

support span length; t = panel thickness; TC = thin hairline cracks; Vu = ultimate shear load. 1 mm = 0.0394 in.; 1 kN = 0.225 kip.

Table 5. Zamac insert experimental shear results

Test 
number

do, mm t, mm
Fiber  

content, %
Slab 

size, mm
ls, mm l, mm c, mm Vu, kN

Average 
Vu, kN

Standard  
deviation, kN

COV
Failure 
mode

1 9.5

25

4 305 × 305 279 25 25

5.4

6.6 1.0 0.15

CF/CCB

26 7.9 CF/CCB

25 6.7 CF/CCB

2 9.5
23

4 305 × 305 279 25 38
10.1

10.7 0.57 0.05
CF/CCB

27 11.3 CF/CCB

3 9.5
26

4 305 × 305 279 25 60
13.2

13.9 0.70 0.05
CF/TC

26 14.6 CF/TC

4 9.5
25

4 305 × 305 279 25 76
13.5

13.6 0.05 0.01
CF/TC

26 13.6 CF/TC

Note: CCB = concrete cone breakout; CF = connector failure; COV = coefficient of variation; c = edge distance; do = nominal connector diameter; l = em-

bedment depth; ls = support span length; t = panel thickness; TC = thin hairline cracks; Vu = ultimate shear load. 1 mm = 0.0394 in.; 1 kN = 0.225 kip
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Figure 5. Carriage bolt failure modes and cracking pattern.

Cone breakout Close-up showing fiber breakage and 
vertical concrete split

Asymmetric concrete cone breakout 
with downward vertical cracks

Figure 6. L-shaped bolt failure modes. Note: 1° = 1 degree.

Minor concrete cracking Bending in the bolt Horizontal and radial  
concrete cracking

Figure 7. Flower-shaped insert failure modes.

Backside punching effect Concrete cone breakout Close-up of fiber breakage

>90˚
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Figure 8. Zamac insert failure modes.

 Failed connector with the attached 
threaded rod

Minor concrete cracking

Figure 9. Effect of connector diameter on shear strength. Note: c = edge distance to the free edge; C-bolt = carriage bolt;  
dc = connector diameter; L-bolt = L-shaped bolt; t = panel thickness. 1 mm = 0.0394 in.; 1 kN = 0.225 kip.
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Figure 10. Load-displacement curves for connectors with similar diameters. Note: c = edge distance to the free edge; C-bolt = 
carriage bolt; dc = connector diameter; L-bolt = L-shaped bolt; t = panel thickness. 1 mm = 0.0394 in.; 1 kN = 0.225 kip.
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the anchor is proportional to the load-bearing length of the 
anchor in the panel, which in this case is the embedment 
depth of the connector. Furthermore, an increase in the 
thickness of the panel from 25 to 38 mm (1 to 1.5 in.) result-
ed in an average capacity increase of 38% for the carriage 
bolt. Figure 12 also shows the load-displacement curves for 
different panel thicknesses for carriage bolt and flower in-
serts, respectively. Both load and deflections increased with 
panel thickness. All panels experienced a consistent failure 
mode of concrete breakout.

Effect of edge distance

Figure 13 shows the effect of edge distance on shear 
strength and load-displacement response. As the edge 
distance was increased, the shear strength also increased 
for all four connectors. For the carriage bolt, and based on 

a consistent concrete cone breakout failure, the strength 
stabilized at 76 mm (3 in.) edge distance when the ac-
companying concrete cone breakout no longer occurred. 
Between 25 and 76 mm (1 to 3 in.) edge distance, the load 
increased 2.25 times and then seemed to plateau when the 
edge distance increased from 76 to 89 mm (3 to 3.5 in.). 
Similarly, the increase in edge distance for the L bolt from 
38 to 64 mm (1.5 to 2.5 in.) and the increase for the flower 
insert from 25 to 64 mm (1 to 2.5 in.) resulted in strength 
increases of 29% and 51%, respectively. Increasing the edge 
distance of the zamac insert from 25 to 60 mm (1 to 2.4 in.) 
caused an increase in shear strength of 2.1 times, where 
failure occurred by fracture of the connector combined with 
concrete cone breakout. The strength stabilized beyond the 
edge distance of 60 mm as failure was governed by fracture 
of the insert only, without concrete cracking. The load-dis-
placement responses of the carriage bolt at various edge 

Figure 12. Effect of panel thickness on shear strength. Note: c = edge distance to the free edge; C-bolt = carriage bolt; dc = 
connector diameter; ls = support span length; t = panel thickness; UHPC = ultra-high-performance concrete. 1 mm = 0.0394 in.; 
1 kN = 0.225 kip.
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distances in Fig. 13 were all similar but are scaled up or 
down in load depending on edge distance.

Effect of support span length

Figure 14 shows the impact of the support span length, namely 
330 and 381 mm (13 and 15 in.), on the ultimate shear strength 
and load-displacement responses. All samples had the same 
connector diameter, fiber content, and edge distance. Increasing 
the span length from 330 to 381 mm resulted in insignificant 
change in shear strengths, ranging from +2% to -9% for differ-
ent panel thicknesses. This is consistent with Prejs, Jawdhari, 
and Fam,17 who also observed a negligible effect of the support 
span length on the shear capacity of postinstalled connectors 
when varying different span lengths ranging from 178 to 279 
mm (7 to 11 in.). A similar observation was made for a varia-
tion in the support span for the L bolts embedded in 25 and 38 

mm (1 and 1.5 in.) thick panels, which shows the load-displace-
ment responses of various panels.

ASTM E48820 states that the spacing between the test 
supports needs to be a minimum of four times the edge 
distance. This ensures that the failure of the member will 
be in between the two supports without being influenced 
by them. Because all samples satisfied this requirement, 
increasing the support length resulted in a minor influence 
on the results.

Design equations

This section compares the experimental data obtained for all 
connector types with the predictions using existing models. A 
modification of the design equation for shear strength of cast-
in connectors is presented.

Figure 13. Effect of edge distance of connector on shear strength. Note: c = edge distance to the free edge; C-bolt = carriage 
bolt; dc = connector diameter; ls = support span length; L-bolt = L-shaped bolt; POM = polyoxymethylene; t = panel thickness; ρ = 
fiber content. 1 mm = 0.0394 in.; 1 kN = 0.225 kip. 
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Existing shear strength prediction  
models

ACI 318-19 states that for a single connector in nor-
mal-strength concrete, its basic concrete breakout shear 
strength should not exceed the lesser of Eq. (1) and (2). Based 

on the parameters of this study, Eq. (1) consistently gov-
erned. Figure 15 plots the experimental versus the predicted 
ultimate shear loads using Eq. (1). Generally, the graph shows 
that the ACI equation, which is for normal-strength concrete, 
significantly overestimated the capacity of the cast-in-place 
connectors in thin UHPC panels. The graph also shows the 

Figure 14. Effect of support span length on shear strength and load-displacement curves. Note: c = edge distance to the free 
edge; C-bolt = carriage bolt; dc = connector diameter; ls = support span length; L-bolt = L-shaped bolt; t = panel thickness. 1 mm 
= 0.0394 in.; 1 kN = 0.225 kip.
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Figure 15. Predicted versus experimental shear strength of cast-in-place anchors in thin UHPC panels using existing design 
equations for cast-in anchors in conventional concrete panels. Note: UHPC = ultra-high-performance concrete. 1 kN = 0.225 kip.
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predictions of the Grosser et al.15 Equation (3) for cast-in-
place connectors in normal-strength concrete, which also 
significantly overestimated strength.

Figure 16 presents the effect of edge distance on normalized 
shear strength of the cast-in-place 9.53 mm (0.375 in.) car-
riage bolts in this study as well as comparably sized postin-
stalled connectors17 in thin UHPC panels with POM fibers. 
The results are presented in reference to the ACI 318-19 and 
the Grosser et al.15 equations. Figure 16 shows that the equa-
tions continually overestimated the ultimate shear capacity, 
with an inconsistent difference between the predicted and 
experimental data, which suggests that it is not possible to 
introduce a simple modification to these equations.

Figure 17 shows the predicted shear strength of the cast-in-
place connectors in this study using existing equations for 
UHPC. Eq. (4) and (5) were proposed by Prejs, Jawdhari, 
and Fam17 for two types of postinstalled connectors in thin 
UHPC with POM fibers, namely threaded rods and screw 
connectors. Figure 17 shows that these equations signifi-
cantly underestimated the strength of the cast-in connectors. 
Also, Choi, Joh, and Chun18 proposed Eq. (6) for cast-in-
place connectors in thick (100 mm [(4 in.]) UHPC panels 
with steel fibers. Figure 17 shows that this equation over-
estimated the strength of the connectors, which stems from 
the equation being derived for use on thick UHPC panels 
reinforced with steel fibers.

Proposed design equation

The trend of the Prejs, Jawdhari, and Fam17 equations in 
Fig. 17 suggests the possibility of a simple modification using 
a single multiplier to adjust the equation from applicability 
in postinstalled to cast-in-place connectors, specifically in 
Eq. (5). Equation (5), representing the threaded rod design 
equation, underestimated the capacity of the cast-in-place 
connectors consistently by a factor of 0.6 with a coefficient of 
variation of 0.14. Integrating this factor into the design equa-
tion allows for a more accurate representation of the cast-in-
place connection strength in thin UHPC panels. This changes 
the design equation factor in Eq. (5) to 2.25 instead of 1.35 
by multiplying the original postinstalled factor by 1.7, which 
results in 85% of the experimental data points fitting into a 
15% error range (Fig. 18). Equation (7) is developed for cast-
in-place connectors in thin UHPFRC panels ranging from 15 
to 38 mm (0.6 and 1.5 in.) in thickness, connector diameters 
ranging from 7.9 to 12.7 mm (0.3 to 0.5 in.), edge distances 
of up to 89 mm (3.5 in.), and POM fiber content ranging from 
1% to 3%.
	 Vu = 2.25×10

−3l0.71do
0.03ρ f

0.36 ′fc c
0.8 	 (7)

Conclusion

This study investigated the shear strength and behavior of 
two types of cast-in connectors, namely inserts and bolts, in 

Figure 17. Predicted versus experimental shear strength of cast-in-place anchors in thin UHPC panels using existing design equa-
tions for anchors in UHPC. Note: UHPC = ultra-high-performance concrete. 1 kN = 0.225 kip.
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thin UHPC panels with POM fibers. The parameters inves-
tigated were insert and bolt type and diameter, POM fiber 
content, UHPC panel thickness, edge distance of connector, 
and support span of panel. The two inserts studied were a 
flower-shaped headed insert and a headed conical (zamac) 
insert with inner threaded central holes. The two bolts studied 
were a threaded headed carriage bolt and an L bolt. The study 
compared the cast-in-place connectors with postinstalled ones 
of equivalent size and panels. The applicability of existing 
design equations to these types of connectors was also investi-
gated. The following conclusions were drawn:

•	 Cast-in-place connectors outperformed the postinstalled 
threaded rod connectors (installed through holes in the 
panel and anchored from both sides) in all scenarios by a 
factor of 1.7 in terms of shear strength. This was consis-
tent for various parameters.

•	 The failure modes of the carriage bolt and flower insert 
were governed by concrete cone breakout in all cases. 
As edge distance increased, additional vertical splitting 
cracks occurred. L bolts failed by yielding of the bolt, 
except for the largest (12.7 mm [0.5 in.]) bolt, where con-
crete cone breakout failure occurred. All zamac inserts 
experienced brittle fracture of the insert.

•	 The shape and type of cast-in-place connectors of the same 
size had a trivial effect on shear strength and ductility.

•	 Increasing carriage bolt diameter had an insignificant 
effect on shear strength (for example, only a 10% 
increase when diameter increased from 9.5 to 12.7 mm 
[0.4 to 0.5 in.]). For the same diameter increase, the shear 
strength of L bolts increased 64% because the failure 
mode changed from steel yielding of the bolt to concrete 
cone breakout failure.

•	 The increase of POM fiber content from 1% to 2% had 
little effect on shear strength; however, when POM fiber 
content was increased from 2% to 3%, there was a 52% 
increase in strength. A noticeable effect on the load-dis-
placement response and ductility was also observed 
compared with the 1% and 2% fiber content.

•	 Shear strength was directly proportional to panel thick-
ness. Increasing panel thickness from 15 to 38 mm (0.6 to 
1.5 in.) resulted in a 100% increase in shear strength.

•	 Increasing the edge distance of the anchor from 25 to 
64 mm (1 to 2.5 in.) resulted in an average increase of 
66% in shear capacity but had no effect on the ductility of 
the panel.

•	 Shear strength design equations for cast-in-place connec-
tors in normal-strength concrete, such as in ACI 318-19, 
grossly overestimate the shear strength of cast-in-place 
connectors in thin UHPC panels by up to 200%.

Figure 18. Predicted versus experimental ultimate shear strength for cast-in-place connectors in thin UHPC panels with POM fi-
bers using a modified design equation. Note: c = edge distance to the free edge; do = outer diameter of connector; f

c
 = concrete 

compressive strength; l = embedment (bearing) length; POM = polyoxymethylene; UHPC = ultra-high-performance concrete;  
Vu = concrete breakout shear capacity; ρf = fiber content by volume. 1 kN = 0.225 kip.
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Shear strength design equations for postinstalled threaded rod 
or screw connectors in thin UHPC panels with POM fibers17 
grossly underestimated the capacity of the cast-in-place con-
nectors; however, a direct correlation was established through 
a factor of 1.7, which was relatively consistent across the full 
range of shear loads. This was the basis for the new proposed 
design equation for cast-in-place connectors based on modify-
ing the Prejs, Jawdhari, and Fam17 equation. Although the mod-
ification to the design equation showed promise in estimating 
the shear capacity of cast-in connectors in thin UHPC panels, 
further verification is required to validate the newly proposed 
equation for a full-scale sandwich panel. Further investigation 
is essential to show the behavior of these connections under 
different boundary conditions to better simulate the real-life 
behavior of cast-in connectors in thin precast UHPC panels.
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Notation

c	 = edge distance to the free edge

d
c
	 = connector diameter

d
o
	 = outer diameter of connector

′fc 	 = concrete compressive strength

l	 = embedment (bearing) length

l
s
	 = support span length

t	 = panel thickness

V	 = shear loading

V
u
	 = concrete breakout shear capacity

ρ	 = fiber content

ρ
f
 	 = fiber content by volume
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Abstract

The replacement of normal-strength concrete in precast 
concrete panels with ultra-high-performance concrete 
(UHPC) results in a significant reduction in panel 
thickness. This poses a challenge when connecting 
these very thin wall or floor panels to the frame of the 
building, for example, because of the small embedment 
of the connectors. This paper examines the behavior 
of cast-in-place connectors in ultra-thin UHPC panels 
under direct shear loading for a variety of connector 
types, including two threaded bolts (carriage bolt and 
L-shaped bolt) and two female headed inserts (zamac 
insert and flower-shaped insert). The connections were 
tested under shear loading in 104 panel tests with vary-
ing parameters for panel thickness, connector diameter, 
polyoxymethylene (POM) fiber content, support span 
length, and edge distance of the connector. The failure 
mode observed by most connector types was con-
sistently a V-shaped concrete cone breakout. Cast-in 
connectors outperformed the postinstalled connectors 
by 110%. Connectors embedded in 38 mm (1.5 in.) 
thick panels showed up to a 120% increase in strength 
compared with 15 mm (0.6 in.) thick panels. In addi-
tion, a 45% to 65% increase in strength occurred when 
the cast-in-place connection was embedded at a 64 mm 
(2.5 in.) edge distance compared with a 25 mm (1 in.) 
distance. Existing shear strength equations for nor-
mal-strength concrete grossly overestimated connector 
strength. A design equation is proposed for cast-in 
connectors in thin UHPC panels with POM fibers by 
introducing a strength amplification factor to an exist-
ing equation for postinstalled connectors.

Keywords

Bolt, cast-in, connector, fiber, polyoxymethylene, 
POM, postinstalled, shear, UHPC, ultra-high-perfor-
mance concrete, zamac insert.
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