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Abstract: This paper presents an experimental study conducted on the behavior of drop-in anchors
in uncracked concrete slabs. Both seismic (cyclic) load tests and static load tests to collapse are
performed on drop-in anchors subjected to tension or shear forces. Three different anchor sizes are
subjected to seismic qualification testing, followed by a static load test to collapse. The test results
confirm the capability of the tested anchors to sustain simulated pulsating seismic tension and shear
loading with frequency ranges between 0.1 and 2.0 Hz. It was observed that no tension failure
occurred at the end of the cyclic load tests for all the tested anchors, and their residual inelastic
maximum displacement at the end of the cyclic tension test was relatively small. Moreover, the
experimental results show that the anchors’ ultimate capacities are higher than those specified by
the anchor manufacturer. Finally, the anchors’ experimental pullout shear capacities are compared
with the failure prediction equations in the literature and design codes. It is found that the theoretical
models provide a conservative prediction of the concrete breakout of anchors in tension compared
to the experimental ultimate loads. The coefficient for pry-out strength (kcp) equal to 2 or slightly
smaller than 2 is likely to predict a better pry-out capacity with the experimental results compared to
the application of the high conservative value of kcp equal to 1, as given in the code.

Keywords: concrete anchors; concrete structures; cyclic exposure; shear and tension; pullout;
ultimate load

1. Introduction

Various anchor types, such as cast-in, post-installed mechanical, bonded, or bonded
anchors, are often used to facilitate attachment to concrete structures [1–4]. The load
transfer mechanisms for various anchors to concrete differ from each other. The tensile
load is transferred into concrete by bearing and/or friction at the anchor head in the cast-in
and post-installed anchors. In contrast, the adhesive layer transfers the tensile load along
its entire bonded length to concrete in bonded anchors. However, the prior installation of
cast-in anchors in the formwork enhances their anchorage properties compared to bonded
anchors [5]. Nonetheless, special care should be considered when deciding on their location
in concrete elements, because they are non-adjustable. Therefore, post-installed anchors are
considered more flexible due to the flexibility of placing them in any location by drilling into
hardened concrete. Post-installed mechanical anchors are available in torque-controlled and
displacement-controlled expansion anchors and are installed by anchoring with concrete
via a mechanical connection. An example of displacement-controlled expansion anchors
is the drop-in anchor, as shown in Figure 1 [6]. The anchor is internally threaded and
pre-assembled with an internal expansion plug. Such anchors are usually fire-resistant
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and available in carbon steel and stainless steel, where the carbon steel anchor can be zinc
plated to improve corrosion protection [6]. The installation procedure/tools shown in
Figure 2 are based on the manual of the anchor manufacturer to ensure that the correct
anchor setting can be found in UCAN [6].
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Much research has been undertaken on the seismic studies of concrete and composite
structures. Wei et al. [7] conducted tests to study the seismic performance of concrete-filled
steel tubular columns with ultra-high-performance concrete plates. The test parame-
ters included the ground motion characteristics, axial pressure ratio, plate material, and
mainshock–aftershock sequences. It was reported that the ground motion characteristics
significantly influence the seismic performance of CFST columns. However, the axial
pressure ratio has an insignificant influence on the stiffness of the columns. Huang et al. [8]
investigated the seismic performance of reinforced concrete columns, examining the effects
of different loading and strengthening methods. It was reported that the strengthened
columns exhibited a better structural performance than the control column. Under a com-
bined compression–bending load, the load-bearing capacity of the columns was reduced
due to eccentricity. Yao et al. [9] proposed a novel steel PEC spliced beam and studied
their seismic performance. The test variables include concrete strength, the length of the
stub beam, and the length of flange plates. It was found that higher-strength concrete
resulted in the better seismic performance of the system. Zhang et al. [10] analyzed the
seismic performance of concrete-filled steel tube frames made of recycled aggregates using
a displacement-based analytical method. Yang et al. [11] numerically studied the mechani-
cal properties of a displacement-amplified mild steel bar joint damper. It was found that
the increase in the diameter and the number of mild steel bars in the damper increased
the energy dissipation effect of the damper. Huang et al. [12] investigated the seismic
performance of a novel friction-type artificial plastic hinge to replace the beam-end plastic
hinge region in prefabricated concrete members. It was found that compared to the concrete
connection cast in situ, the proposed system resulted in better hysteresis performances
in terms of higher energy dissipation, bearing capacity, and ductility. Huang et al. [13]
investigated the seismic performance of precast concrete frames with replaceable artificial,
controllable plastic hinges. It was found that the proposed system exhibited a better seismic
performance. Zhang and Zhang [14] carried out an analytical model to investigate the
effectiveness of viscoelastic materials in reducing the pounding between adjacent buildings
during earthquakes. The influences of inter-story drift of the adjacent buildings, pound-
ing force, and the amplification of the acceleration were studied. It was reported that
buildings’ impact force and acceleration can be reduced significantly using the proposed
viscoelastic materials.

The behavior of anchors in concrete under fatigue and/or seismic effects was inves-
tigated by a few researchers as early as the 1980s [15–18]. Significant research has been
undertaken on this topic since 2000 [19–31]. Most previous anchor studies were dedicated
to anchors in uncracked concrete, while few authors addressed the influence of cracked
concrete and/or high-moment regions on the anchor tension capacity [30,32–35]. Rodriguez
et al. also investigated the dynamic behaviors of cast-in-place and post-installed anchors
embedded in concrete at relatively shallow depths [36,37]. These studies indicated that
anchors designed for ductile failure under static loading in uncracked concrete could main-
tain the same ductile failure mode if subjected to less dynamic loading in cracked concrete.
Lotze et al. [24] investigated the static behavior of anchors under combined tension and
shear loads. The study covered undercut and sleeve anchors, either single or multiple, in
uncracked concrete. Force–displacement interaction design diagrams were developed, and
the applicability of elastic and plastic theories to design multiple-anchor connections was
also addressed. Ghobarah and Aziz [22] studied the seismic qualification of expansion
anchors according to Canadian nuclear standards. Hashimoto and Takiguchi [38] con-
ducted an experimental program to investigate the pullout strength of anchor bolts with
a relatively shallow embedment in concrete under high temperatures. Muratli et al. [39]
and Shirvani et al. [40] investigated the breakout capacities of tensile and shear anchors
in concrete under static and dynamic loading. Such investigations established specific
factors to accommodate the dynamic/cracking effects into the nominal anchor capacity
under static loading and uncracked concrete conditions. Abdul-Hamid et al. [41] studied
the influences of impact loads on mechanical screw anchors with three different diameters
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in concrete. It was reported that the screw anchors exhibited higher capacities under a
high strain rate. Hoehler et al. [23] tested different types of anchors in cracked concrete
subjected to rapid tension loading. The aim of the study was to examine the influence of
the loading rate on the anchor’s load-bearing behavior. It was concluded that the testing
anchors subjected to rapid load rates are not essential for seismic applications. Neupane
et al. [42] reviewed the challenges and prospects of developing finite element models for
the performance analysis of post-installed anchors in concrete. Ahmed and Braimah [19]
numerically studied the performances of undercut anchors subjected to high strain rates.
It was found that the tensile capacity of the anchors increased with an increase in the
strain rate.

Mahrenholtz and Wood [43] discussed the enhanced C2 requirements for the seismic
category introduced by European design codes and compared them with the existing
design specifications of ACI 355 [1,2]. It was reported that the strength reduction from C1
to C2 requirements mainly relies on the anchor category and diameter. Gallo et al. [21]
proposed high-performance post-installed anchors incorporating supplemental damping
to reduce the acceleration suffered by nonstructural components. The performance of the
proposed anchors was investigated experimentally using unidirectional shake table tests.
It was found that the proposed anchors had an improved seismic response compared to
traditional anchors. Tarawneh et al. [25,26] conducted pullout tests on screw and adhesive
anchors embedded in sandwich panels to evaluate the effects of the anchor diameter,
embedment depth, concrete thickness, and anchor brand on their mechanical behavior.
Tarawneh et al. [27] also examined the accuracy of the design procedure proposed for
adhesive anchors in thin concrete members under tensile and shear loads. They proposed
strength reduction factors for anchors with different classes. Chen et al. [20] carried out
tests on torque-controlled expansion anchors of three diameters with two different effective
embedment depths to investigate the pullout (PO) and pull-through (PT) failure modes.
It was found that the failure modes and ultimate tensile strength are influenced by the
embedded depth and the diameter of the anchors. Liu et al. [44] investigated the effects of
threads/grooves in drilled holes in the adhesive anchor installation process. It was found
that before the injection of adhesives, creating threads/grooves in drilled holes increased
the tensile capacities of the anchors compared to conventional adhesive anchors.

The ACI 355.2-04 [2], AC01 [45], and ASTM E 488-96 [46] specify test procedures for the
seismic qualification of anchors in uncracked concrete. However, the ACI 355.2-04 standard
requires the testing of anchors in cracked concrete as well to ensure that the anchors are
serviceable for a long time, during which time the concrete may experience cracking. As
such, the standard requirement is to permit these anchors only with substantially reduced
capacities with concrete cracks.

2. Research Significance

The seismic capabilities of drop-in anchors have been a topic of interest, since they rely
on friction to develop tension resistance. Also, the bearing strength of concrete will affect
the shear capacity of these anchors. The resistance of drop-in anchors to applied loading
depends on several parameters, such as the concrete strength, hole size, embedment depth,
edge distance, and installation procedure. Therefore, the present study fills this knowledge
gap by investigating the seismic performance of drop-in anchors under shear and tension
through the experimental setup according to the ACI 355.2-04 [2] and ASTM E 488-96 [46].
In this study, tests were conducted on single anchors, as shown in Figure 1, with three
different sizes, namely 9.5 mm, 12.7 mm, and 15.9 mm, with lengths of 38 mm, 50 mm, and
64 mm, respectively, that were manufactured by UCAN [6]. These anchors were designed
to deliver consistent holding power at shallow embedment. Although some research has
already been performed on other types of mechanical anchors subjected to seismic loading,
limited investigations on the seismic performance of drop-in anchors have been carried out
to date. The research methodology, outlined in Figure 3, emphasizes using tested drop-in
anchors in locations of uncracked concrete on concrete floors. These locations are typically
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near columns in concrete flat slab and flat plate floor systems. In this system, drop-in
anchors are installed on the bottom surface of the slab (compression side) adjacent to the
columns, primarily to support lifting HVAC equipment and placing pipes.
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3. Prediction Models of Anchor Capacity in Tension and Shear

There are five modes of failure for anchors in tension, as shown in Figure 4, namely
steel failure, concrete breakout, pull-through, pullout, and concrete splitting failure. Steel
failure occurs when the anchor is fastened to the base concrete with an embedment depth
that is enough to develop the full capacity of the anchor. Pullout failure takes place
when there is a bond failure between the anchor and the surrounding concrete, usually
accompanied by small concrete conic failure at the concrete surface. Pull-through failure
mode can also be observed if the anchor significantly loses its bond with the concrete, such
as by crushing the mechanical head of an expansion anchor. Concrete breakout is one of the
main modes of anchor failure mainly due to the relatively small embedment depth used.
Concrete splitting could also be observed if the size or thickness of the concrete member
that the anchor is attached to is small. Among the aforementioned recognized failure
modes, ACI 318-19 [47] only provides models to predict the anchor’s capacity for concrete
breakout failure and steel failure. Although there are models for the pullout capacity of
cast-in-place and adhesive post-installed anchors, the experimental results are only allowed
to be used for mechanical expansion anchors.

For an anchor under direct shear, there are three modes of failure, as shown in Figure 5:
steel failure proceeded by concrete spalling, concrete pry-out, and concrete breakout. Steel
failure occurs if the anchor is embedded at a long depth and sufficiently far from the
concrete edge. If the anchor is far from the edge but has shallow depth, pry-out failure
may be observed, while for those placed close to the concrete edge, a concrete breakout
may occur.

Most formulas were taken from Eligehausen et al. [48], where a comprehensive litera-
ture review is presented. In the early studies by Eligehusen and Pusill-Wachtsmuth [49]
and Pusill-Wachtsmuth [50] shown in Table 1 for anchor tension breakout, the power of
concrete compressive strength, f’c, was obtained as 2/3 from regression analysis but was
later modified to 1/2 by Eligehausen et al. [51], which was also used by ACI 349-90 [52] and
ACI 318-19 [47]. For concrete breakout strengths of anchors subjected to shear, Paschen and
Schonhoff [53] recommended a power of 2/3 for f’c, while other models used 1/2 instead.



Buildings 2024, 14, 2021 6 of 25
Buildings 2024, 14, 2021 6 of 27 
 

 
Figure 4. Failure modes of anchors under tension loading as per ACI 355.2-04 [2]. 

For an anchor under direct shear, there are three modes of failure, as shown in Figure 
5: steel failure proceeded by concrete spalling, concrete pry-out, and concrete breakout. 
Steel failure occurs if the anchor is embedded at a long depth and sufficiently far from the 
concrete edge. If the anchor is far from the edge but has shallow depth, pry-out failure 
may be observed, while for those placed close to the concrete edge, a concrete breakout 
may occur. 

  

Figure 4. Failure modes of anchors under tension loading as per ACI 355.2-04 [2].

Buildings 2024, 14, 2021 7 of 27 
 

  

Figure 5. Failure modes of anchors under shear loading as per ACI 355.2-4 [2]. 

Most formulas were taken from Eligehausen et al. [48], where a comprehensive liter-
ature review is presented. In the early studies by Eligehusen and Pusill-Wachtsmuth [49] 
and Pusill-Wachtsmuth [50] shown in Table 1 for anchor tension breakout, the power of 
concrete compressive strength, f’c, was obtained as 2/3 from regression analysis but was 
later modified to 1/2 by Eligehausen et al. [51], which was also used by ACI 349-90 [52] 
and ACI 318-19 [47]. For concrete breakout strengths of anchors subjected to shear, 
Paschen and Schonhoff [53] recommended a power of 2/3 for f’c, while other models used 
1/2 instead. 

Table 1. Available models to predict anchor capacities of various failure modes. 

Main Formulas Definition of Parameters 
Concrete breakout strength of anchor subjected to tension 
ACI 318-19 

[ ][ ] cpcedNcoNcbcb AANN ψψψ=  

where: 
51.

efcacb hfkN ′= λ  

ACI 349-90 

ccefcb fh.N ′= 2960  

Eligehausen et al. [51] 

cc
.
efcb fkhN ′= 51   

Eligehusen and Pusill-Wachtsmuth [49] 
( )325146 /

cc
.
efcb fh.N ′=  

Pusill-Wachtsmuth [50] 

01.ed =ψ  (no edge effect); 41.c =ψ  

(uncracked concrete); 01.cp =ψ  (no critical 

edge effect) 
01.a =λ  (normal concrete) 

7=ck  (for post-installed anchors) 

10=ck  (for cast-in anchors, upper limit) 
29 efNco hA =  

NcoNc AA =  (for single anchors far from the 
edge) 

efh  = effective embedment depth 

Figure 5. Failure modes of anchors under shear loading as per ACI 355.2-4 [2].



Buildings 2024, 14, 2021 7 of 25

Table 1. Available models to predict anchor capacities of various failure modes.

Main Formulas Definition of Parameters

Concrete breakout strength of anchor subjected to tension
ACI 318-19
Ncb = [Nb][ANc/ANco]ψed ψc ψcp
where:
Nb = kc λa

√
f ′che f

1.5

ACI 349-90
Ncb = 0.96h2

e f

√
f ′cc

Eligehausen et al. [51]

Ncb = kh1.5
e f

√
f ′cc

Eligehusen and Pusill-Wachtsmuth [49]

Ncb = 6.4h1.5
e f f ′cc

(2/3)

Pusill-Wachtsmuth [50]

Ncb = 0.64h2
e f f ′cc

(2/3)
(

1 + 1.45da/he f

)

ψed = 1.0 (no edge effect); ψc = 1.4
(uncracked concrete); ψcp = 1.0 (no critical edge effect)
λa = 1.0 (normal concrete)
kc = 7 (for post-installed anchors)
kc = 10 (for cast-in anchors, upper limit)
ANco = 9he f

2

ANc = ANco (for single anchors far from the edge)
he f = effective embedment depth
k = 13.5 for expansion anchors
da = anchor diameter
le = 2da for torque-controlled expansion anchor
c1 = anchor edge distance along the force
h = thickness of the concrete member that anchors are
attached to
AVco = 4.5c1

2

AVc = 2(1.5c1)h If h < 1.5c1
ψh =

√
1.5c1/h ≥ 1.0

Ase = cross-sectional area
fut = ultimate tensile strength
kcp = 1.0 for he f < 65 mm
kcp = 2.0 for he f ≥ 65 mm
k = 13.5 for expansion anchors
f ′cc = concrete cube compressive strength
= 0.85 f ′c (Eligehausen et al. [48])
f ′c = concrete cylinder compressive strength
Note: in all formulas, the parameters are in SI units of mm
or MPa

Concrete breakout strength of anchor subjected to shear
ACI 318-19
Vcb = [min{Vb1, Vb2}][AVc/AVco]ψed ψc ψh
where:
Vb1 =

(
0.6(le/da)

0.2√da

)
λa

√
f ′cc1

1.5

Vb2 = 3.7λa
√

f ′cc1
1.5

Eligehausen et al. [54]

Vb = 0.9
√

da
√

f ′cc(le/da)
0.2c1.5

1 [AVc/AVco]
Eligehausen and Hofmann [55]

Vb = 3dα
a lβ

e
√

f ′ccc1.5
1 [AVc/AVco]

where:
α = 0.1(le/c1)

0.5; and β = 0.1(da/c1)
0.2

Paschen and Schonhoff [53]

Vb = f ′cc
(2/3)(190 + 0.23c2

1
)
[AVc/AVco]

ACI 349-90
Vb = 0.48

√
f ′ccc2

1[AVc/AVco]
Shaikh and Whayong [56]

Vb = 4.8
√

f ′ccc1.5
1 [AVc/AVco]

Nominal shear strength
ACI 318-19
Vsa = 0.6Ase fut

Concrete pry-out strength of anchor subjected to shear
ACI 318-19
Vcp = kcp Ncb (for cast-in and expansion anchors)

The nominal shear strength of anchors failed by concrete for uncracked concrete, Vn,
i.e., concrete breakout capacity in shear at anchors, is expressed as follows [25,26]:

Vn = 1.0 (do f ′c)
0.5

(
l

do

)0.2
c1.5

1
Av

Avo
ψ4 ψ5 ψ6 N, mm units (1)

Av =

[
π − π θ

180
+ Sinθ

]
c2

1
2

(2)

θ = 2 cos−1
(

h
c1

)
(3)

where Av refers to the actual projected area (base) of the concrete fracture-cone-adjacent
side of the concrete member; Avo refers to the idealized projected area (base) of the concrete
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fracture cone as a half pyramid that equals 3c1 times 1.5c1, in which c1 is the edge distance
in the loading direction (equals the greater of c2/1.5 and h/1.5 for anchors in concrete
member with c2 < 1.5c1 and h < 1.5c1); c2 is the edge distance perpendicular to the loading
direction; h is the thickness of the concrete member; do stands for the outside diameter
of the anchor; fc’ is the concrete compressive strength; l is the activated bearing length of
an anchor ≤ 8do (l equals anchor effective embedment for anchors with constant overall
stiffness, and 2do is for expansion anchors with separated spacing and expansion sleeves);
ψ4 refers to the modification factor accounts for eccentrically loaded groups of anchors
(considered, herein, 1.0 for single loaded anchor); ψ5 refers to the modification factor
accounts for the disturbance of stress distribution at the concrete member corners (equals
1.0 if c2 ≥ 1.5c1 and 0.7 + 0.3(c2/1.5c1) if c2 ≤ 1.5c1); and ψ6 refers to the modification
factor accounts for the absence or control of cracking (considered, herein, 1.0 for uncracked
concrete).

Also, the nominal tensile strength of anchors failed by concrete for uncracked concrete,
Nn, is expressed as follows [40,47,52]:

Nn =
k
√

f ′c h2
e f(

1 +
he f
50

) N, mm units (4)

where hef refers to the anchor’s effective embedment; and k is 2.75 and 2.5 for undercut and
cast-in-place anchors, and wedge and sleeve expansion anchors, respectively.

4. Experimental Program

Tests were conducted on single anchors with three different sizes, namely 9.5 mm,
12.7 mm, and 15.9 mm, with lengths of 38 mm, 50 mm, and 64 mm, respectively, as shown
in Figure 1. Six square un-reinforced concrete slab specimens were constructed for anchor
installation, with a 900 mm length and 200 mm thickness. The average concrete compressive
strength of concrete was recorded as 26 MPa. Figure 6 shows the setup for both ultimate
and cyclic shear loading tests. An HSS steel framing system was constructed to tie the
specimens horizontally against actuator movements. Also, a tie down system was used to
fix the system to the structural laboratory floor for the tension tests, as shown in Figure 7.
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The anchors were installed in slab specimens having a minimum edge distance of
200 mm following the manufacturer’s instructions [6]. Preliminary static load tests were
carried out to determine the anchor’s reference ultimate load-carrying capacity, the loading
amplitude for cyclic tests, and the test setup. Then, cyclic (reversed) load tests were carried
out to determine the seismic capacity of the anchors, followed by ultimate load testing.
Two types of cyclic tests were conducted for each anchor size, namely, the cyclic shear test
and the cyclic tension test. According to the American standards [2,45,46], the following
testing protocols were considered through the conducted experimental work:

1. Anchors are subjected to simulated pulsating sinusoidal seismic cycles, as detailed in
Figure 8a for shear, and simulated alternating sinusoidal seismic cycles, as detailed in
Figure 8b for tension. For the present testing, the full shear load was applied through
the half-sine cycles.

2. The loading frequency is to be in the range of 0.1 to 2.0 Hz.
3. Each seismic cycle test must consist of at least 5 identical anchors.
4. A reference ultimate static load for shear and tension is to be established to determine

the loading amplitude for cyclic tests.
5. After the seismic cycles are completed, each anchor is loaded in tension and shear, as

applicable, to its ultimate capacity.
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(a) Schematic view 

 
(b) Installed anchor during testing 

Figure 7. The tension test setup. Figure 7. The tension test setup.
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Figure 8. Loading pattern as per ACI 355.2-4 [2]. Figure 8. Loading pattern as per ACI 355.2-4 [2].

As per the anchor manufacturer’s technical manual UCAN [6], the ultimate load-
carrying capacities of the anchors, in shear and tension, Vu and Nu, respectively, were
determined based on the concrete strength of 26 MPa. The load level for the first 10 cycles
was 50% of the ultimate load, while the load level for the following 30 cycles was 37.5% of
the ultimate load. The load level of the last 100 cycles was taken as 25% of the ultimate load.
For the tension tests, each anchor was tested under two load frequency values of 0.1 Hz
and 2.0 Hz. For the shear tests, the 9.5 mm anchor was tested at frequencies of 0.1 and
2.0, while the 12.7 mm and 15.9 mm anchors were tested at frequencies of 0.1 and 1.2 Hz.
During the test, the applied load and the axial displacement of the actuator as either shear
or tensile displacement of the anchor were recorded.

5. Experimental Results
5.1. Cyclic Shear Load Test Results

A total of 27 cyclic shear load tests were performed. For the 9.5 mm anchors, five tests
were conducted at a 0.1 Hz load frequency, and the other five tests were conducted at a
2.0 Hz load frequency. For the 12.7 mm anchors, six tests were conducted at a 0.1 Hz load
frequency, and the other four tests were conducted at a 1.2 Hz load frequency. For the
15.9 mm anchors, four tests were conducted at a 0.1 Hz load frequency, and the other three
tests were conducted at a 1.2 Hz load frequency. Table 2 summarizes the load data for cyclic
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shear tests. One may observe that the 15.9 mm anchor achieved the highest cyclic shear
test load compared to other anchors. The cyclic shear test load of the 15.9 mm anchor at
10 cycles is 117% and 67% higher than 9.5 mm and 12.7 mm anchors, respectively. Similarly,
at 30 and 100 cycles, the 15.9 mm anchor obtained 126% and 141% higher cyclic shear test
loads than the 9.5 mm anchor, respectively.

Table 2. Shear test load data.

Anchor
Size,
mm

Ultimate
Load

Allowable
Load

1.33×
Allowable
Load

Cyclic Shear Test Loads

Vu
(kN)

Va
(kN)

Vre
(kN)

Veq
(kN)

Vi
(kN)

Vm
(kN)

10 Cycles 30 Cycles 100 Cycles

9.5 18.40 4.60 6.12 9.20 6.90 4.60
12.7 24.00 6.00 7.98 12.00 9.30 6.70
15.9 40.00 10.00 13.30 20.00 15.60 11.10

Figure 9 depicts the cyclic shear load-time history, where it can be seen that the tested
anchors showed a stable response over time. The shear force decreased from approximately
8.2 kN at 95 s to 6.2 kN and remained stable until 394 s, when the shear force decreased
to 3.9 kN and remained constant until the end of the test. Figures 10 and 11 (the Y-axis is
shifted by 0.75 mm along the X-axis) represent the load–shear displacement relationship
for a tested 9.5 mm anchor at 0.1 Hz and 2.0 Hz, respectively. It is seen that the load–shear
displacement relationship changed from symmetric to asymmetric as the load intensity
increased from 0.1 Hz to 2 Hz. The typical failure modes of the anchors after cyclic shear
tests are shown in Figures 12 and 13. The typical failure mode of concrete was concrete
breakout close to the anchor zone, similar to the one predicted by ACI 355.2-04. It was
observed that the 9.5 and 12.7 mm anchors maintained their shear capacity at the end of
the cyclic load tests; no shear failure was observed. However, for the 15.9 mm anchors,
some tests did not pass successfully, as a fracture occurred in the threaded bar connecting
the anchor to the actuator’s fixture. However, this needs to be verified again in the future.
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Figure 9. Load vs. time for the cyclic shear test of a 9.5 mm anchor at 0.1 Hz.
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Figure 10. Load vs. displacement for the cyclic shear test of a 9.5 mm anchor at 0.1 Hz.
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Figure 11. Load vs. displacement for the cyclic shear test of a 9.5 mm anchor at 2 Hz.
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ducted at 2.0 Hz. Table 3 summarizes the load data for cyclic tension tests. It is seen that 
the 15.9 mm anchor exhibited an increase in the tension test load by 119% and 39% com-
pared to the 9.5 mm and 12.7 mm anchors, respectively. Also, the cyclic tension test load 
of the 15.9 mm anchor at 100 cycles is 130% and 40% higher than 9.5 mm and 12.7 mm 
anchors, respectively. 

Figures 14 and 15 show the cyclic load history applied on a 15.9 mm anchor at a fre-
quency of 0.1 Hz and the corresponding load–axial displacement relationship, respec-
tively. A considerable degradation of force–response for all anchors was observed, as 
shown in Figure 14. The tensile force decreased to 15 kN at the 100th sec and then to 10 
kN at the 200th s and remained constant until the end of the test. As shown in Figure 15, 
about a 0.5 mm slip took place at the beginning of the test to ensure the full engagement 
of the testing machine with the tested anchor before applying the load cycles. The force–
displacement relationship obtained during the test represents a typical sample’s behavior 

Figure 12. A 9.5 mm anchor after cyclic shear tests at 0.1 and 2 Hz (no shear failure).
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Figure 13. View of the 15.90 mm diameter anchor after a cyclic shear test at 0.1 Hz (no shear failure).

5.2. Cyclic Tension Test Results

Fifteen cyclic tension load tests were carried out on drop-in anchors. For each an-
chor size, two tests were conducted at a 0.1 Hz load frequency, and the other three were
conducted at 2.0 Hz. Table 3 summarizes the load data for cyclic tension tests. It is seen
that the 15.9 mm anchor exhibited an increase in the tension test load by 119% and 39%
compared to the 9.5 mm and 12.7 mm anchors, respectively. Also, the cyclic tension test
load of the 15.9 mm anchor at 100 cycles is 130% and 40% higher than 9.5 mm and 12.7 mm
anchors, respectively.

Table 3. Tension test load data.

Anchor
Size,
mm

Ultimate
Load

Allowable
Load

1.33×
Allowable
Load

Cyclic Tension Test Loads

Nu
(kN)

Na
(kN)

Nre
(kN)

Neq
(kN)

Ni
(kN)

Nm
(kN)

10 Cycles 30 Cycles 100 Cycles

9.5 17.60 4.40 5.85 8.80 6.60 4.20
12.7 27.80 6.95 9.24 13.90 10.40 6.90
15.9 38.60 9.65 12.83 19.30 14.50 9.70

Figures 14 and 15 show the cyclic load history applied on a 15.9 mm anchor at a fre-
quency of 0.1 Hz and the corresponding load–axial displacement relationship, respectively.
A considerable degradation of force–response for all anchors was observed, as shown in
Figure 14. The tensile force decreased to 15 kN at the 100th s and then to 10 kN at the 200th s
and remained constant until the end of the test. As shown in Figure 15, about a 0.5 mm slip
took place at the beginning of the test to ensure the full engagement of the testing machine
with the tested anchor before applying the load cycles. The force–displacement relation-
ship obtained during the test represents a typical sample’s behavior under such loading
conditions. It was observed for all the tested anchors that no tension failure occurred at the
end of the cyclic load tests, i.e., all anchors maintained their tension capacity. Also, each
anchor’s residual inelastic maximum displacement at the end of the cyclic tension test was
relatively small.
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5.3. Ultimate Load Test Results

The ultimate load carrying capacity, total displacement at failure, and mode of failure
obtained from the ultimate load tests for each anchor size are shown in Table 4. The typical
failure modes of anchors tested for ultimate shear loads are presented in Figure 16. The
failure of the anchors was due to the shear failure and concrete pry-out after the ultimate
shear test. The load–displacement relationships of the ultimate shear test for 9.5 mm,
12.7 mm, and 15.9 mm anchors are shown in Figures 17–19, respectively. The anchors
subjected to increasing shear forces failed in shear fracture proceeded by concrete spall. It
is seen that the 15.9 mm anchor exhibited a large shear displacement capacity compared
to other tested anchors. However, the 12.7 mm anchor exhibited a brittle type of shear
failure. Figures 20–22 show the load–displacement relationships of the ultimate tension test
for 9.5 mm, 12.7 mm, and 15.9 mm anchors, respectively, along with the observed failure
mode. The anchors subjected to increasing tension forces failed due to concrete breakout
failure (concrete spall cone in tension). Compared to the 9.5 mm and 12.7 mm anchors,
the 15.9 mm anchors exhibited a ductile type of tensile failure, as can be seen in Figure 22.
Therefore, a 15.9 mm anchor can be used to achieve a ductile failure mode in applications.
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Table 4. Results from ultimate load tests for selected specimens.

Anchor
Size,
mm

Test Type
Test Failure
Load,
kN

Displacement at
Failure,
mm

Failure Mode *

9.5 Shear 19.60 7.52 SF&CS
12.7 Shear 27.44 8.70 SF&CS
15.9 Shear 48.20 15.54 SF&CS

9.5 Tension 19.93 5.22 CB
12.7 Tension 31.09 3.79 CB
15.9 Tension 49.50 6.20 CB

* SF&CS: shear failure preceded by concrete spall; CB: concrete breakout.
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analytical methods (Equations (1)–(4)) and the corresponding ones obtained from testing 
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Size of 12.7 
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(kN) 
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mm 
(kN) 

Tension 

Concrete breakout strength of anchors in tension  
Average experimental load 19.9 31.1 49.5 
Manufacturer’s listed failure load 19.6 27.4 48.2 
     ACI 318-19, if kc = 7 11.7 17.7 25.6 
     ACI 318-19, if kc = 10 16.7 25.2 36.5 
     Eligehausen et al. [51] 17.5 26.4 38.2 
Eligehusen and Pusill-Wachtsmuth [49] 14.7 22.1 32.0 
Pusill-Wachtsmuth [50] 12.3 21.4 34.9 
     ACI 349-90 7.7 13.3 21.7 

Shear 
Normal shear strength    
     ACI 318-19 17.9 31.9 50.0 

Figure 19. Load vs. displacement for the ultimate shear test of a 15.9 mm anchor.
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(a) Load-displacement relationship 

 
(b) Concrete breakout around the anchor after the ultimate tension test 

Figure 20. Ultimate tension test of a 9.5 mm anchor. Figure 20. Ultimate tension test of a 9.5 mm anchor.
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(a) Load-displacement curve 

 
(b) Concrete breakout after the ultimate tension test 

Figure 21. Ultimate tension test of a 12.7 mm anchor. 

Figure 21. Cont.
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Figure 21. Ultimate tension test of a 12.7 mm anchor. Figure 21. Ultimate tension test of a 12.7 mm anchor.
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(a) Load-displacement curve 

 
(b) Concrete breakout after the ultimate tension test 

Figure 22. The ultimate tension test of a 15.9 mm anchor. Figure 22. The ultimate tension test of a 15.9 mm anchor.

The classification of anchors according to their tensile load–displacement behavior as
per the standard ACI 355.2-04 is illustrated in Figure 23. It can be seen that the correspond-
ing relationships obtained for the tested anchors (represented by Figures 20–22) match
curves 1 and 2 of Figure 23, i.e., they satisfy the standard requirements for an acceptable
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tested anchor behavior. The values listed in Table 4 show that the experimental ultimate
load was always more than that which was specified in the manufacturer’s technical man-
ual (given in Table 5). Furthermore, the comparison of the failure loads estimated using
analytical methods (Equations (1)–(4)) and the corresponding ones obtained from testing
shows an overall factor of safety that ranges from 1.77 to 3.35 in shear and from 1.85 to 2.16
in tension.

Table 5. Comparison of experimental results with available models.

Action under
Consideration

Mode of Failure and the Associated
Available Models

For Anchor Size of
9.5 mm

(kN)

For Anchor Size of
12.7 mm

(kN)

For Anchor Size of
15.9 mm

(kN)

Tension

Concrete breakout strength of anchors in tension

Average experimental load 19.9 31.1 49.5

Manufacturer’s listed failure load 19.6 27.4 48.2

ACI 318-19, if kc = 7 11.7 17.7 25.6

ACI 318-19, if kc = 10 16.7 25.2 36.5

Eligehausen et al. [51] 17.5 26.4 38.2

Eligehusen and Pusill-Wachtsmuth [49] 14.7 22.1 32.0

Pusill-Wachtsmuth [50] 12.3 21.4 34.9

ACI 349-90 7.7 13.3 21.7

Shear

Normal shear strength

ACI 318-19 17.9 31.9 50.0

Concrete breakout strength of anchors in shear

Average experimental load 19.6 27.4 48.2

Manufacturer’s listed failure load 18.4 24.0 40.0

ACI 318-19 35.0 40.5 45.3

Eligehausen et al. [54] 33.2 38.4 43.0

Eligehausen and Hofmann [55] 39.4 41.3 43.0

Paschen and Schonhoff [53] 61.2 61.2 61.2

ACI 349-90 70.8 70.8 70.8

Shaikh and Whayong [56] 50.1 50.1 50.1

Concrete pry-out strength of anchors in shear

ACI 318-19, if kcp = 1 11.7 17.7 25.6

ACI 318-19, if kcp = 2 23.4 35.3 51.2
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Figure 23. Classification of tensile load–displacement behavior as per ACI 355.2-04 [2]. 
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Figure 23. Classification of tensile load–displacement behavior as per ACI 355.2-04 [2].
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6. Accuracies of Various Empirical Formulas in Predicting the Anchor Capacity in Shear
and Tension

Table 5 provides the results obtained from ultimate load tests, those recommended by
the manufacturers, and those calculated using the available models given in Table 1. The
experimental results were all greater than the manufacturer’s recommended values. All
the available models predicted a smaller capacity for the resistance of anchors in tension
compared to those obtained experimentally. The closest model to the experimental results
that also produced the largest capacity among other models was Eligehausen et al. [51].
That model resulted in 17.5, 26.4, and 38.2 kN for anchor diameters of 9.5, 12.7, and 15.9 mm,
respectively, compared to experimental results of 19.9, 31.1, and 49.5 kN. On the other hand,
the model proposed by ACI 349-90 was proven to be the most conservative among others,
with tensile capacities of 7.7, 13.3, and 21.7 kN, respectively, about 40% of those obtained
experimentally. For the most recent ACI code (ACI 318-19), kc = 7 is recommended for post-
installed anchors, which could be taken greater than 7 upon the availability of experimental
results but should not, in any case, be taken more than 10. The results presented in Table 5
show that even if kc is taken as its upper bound limit of 10, the results will be much smaller
than the experimental results.

For the resistance of anchors in shear, since the anchors were located with relatively
large edge distances of a minimum of 200 mm, the concrete breakout was not observed in
the tests, and the failure mode was shear failure proceeded by spalling. The shear capacities
predicted by ACI 318-19 were 17.9, 31.9, and 50.0 kN for anchor sizes of 9.5, 12.7, and
15.9 mm, respectively, compared to the experimental results of 19.6, 27.4, and 48.2 kN.
As can be observed, the experimental-to-predicted-results ratios are 1.09, 0.86, and 0.96,
respectively, where 0.86 and 0.96 show non-conservative predicted results obtained using
ACI 318-19. Since the concrete breakout did not occur during the experiment, the predicted
values in Table 5 are significantly larger than the experimental results, particularly for
anchors with 9.5 and 12.7 mm diameters.

Another possible failure mode in shear is concrete pry-out. However, this did not
occur during the experiment. The formula ACI 318-19 recommended is based on a factor kcp
multiplied by the concrete breakout strength in tension. Eligehausen et al. [48] recommend
the application of kcp = 2 for anchors with a minimum embedment depth of 60 mm and
kcp < 2 to be used otherwise, without specifying any values. On the other hand, ACI 318-19
specifies kcp to be taken as 1 for embedment depths smaller than 65 mm and to be taken as
2 otherwise. Since the embedment depths used for the experiments were all smaller than
65 mm, kcp =1 according to ACI 318-19, shown in Table 5 to be significantly conservative.
The failure of anchors did not occur in a pry-out mode, meaning that the pry-out capacity
was higher than those obtained experimentally. With the comparison of the experimental
results with those obtained by ACI 318-19 with kcp =1 and 2, the value of kcp equal to 2 or
slightly smaller than 2 is likely to predict a better pry-out capacity with the experimental
results compared to the application of the high conservative value of kcp =1.

7. Conclusions

The study reports a series of tests on drop-in anchors in uncracked concrete slabs to
investigate their mechanical performance. Both seismic (cyclic) load tests and static load
tests to collapse were performed subject to tension or shear forces according to the ACI
355.2-04 and ASTM E 488 test standards. The accuracies of various empirical formulas
to predict the anchor capacity under shear and tension are evaluated by comparing them
against the test results. The following conclusions can be drawn from this study:

1. No tension failure occurred at the end of the cyclic load tests for all the tested anchors.
The anchors sustained the cyclic tension loading with minimal residual inelastic
axial displacement.

2. The drop-in anchors resisted seismic tension and shear loading with frequency ranges
between 0.1 and 2.0 Hz.
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3. Inconsistency in cyclic shear test results was observed in the case of the greater anchor
sizes due to a fracture in the connecting threaded bar to the actuator’s fixture.

4. The anchors subjected to increasing shear forces failed in shear fracture proceeded by
concrete spall. In contrast, those subjected to increasing tension forces failed due to
concrete breakout failure.

5. The experimental ultimate loads obtained from static shear and tension tests were
generally greater than those specified in the manufacturer’s technical manual.

6. The corresponding failure modes were consistent with the typical ones predicted by
the standard ACI 355.2-04. The tensile load–displacement behaviors of all the tested
anchors satisfied the standard requirements for an acceptable tested anchor behavior
as per the standard ACI 355.2-04.

7. The theoretical models to predict the concrete breakout of anchors in tension were
all found to predict a lower capacity than experimental ultimate loads, which are
conservative in design. The model recommended by Eligehausen et al. [51] predicted
the closest results to the experimental values.

8. It was found that the factor kcp equal to 1 was significantly conservative in predicting
the pry-out shear resistance of anchors recommended by ACI 318-19. A value of kcp
equal to 2 or slightly smaller than 2 is likely to predict a better pry-out capacity with
the experimental results. On the other hand, the steel shear resistance theoretical
model prescribed by ACI 318-19 could closely predict the resistance of the anchors
that failed under steel shear proceeded by concrete spall.

The present study only focuses on the seismic performance of drop-in anchors in
uncracked concrete. However, future study should investigate their seismic performance
in cracked concrete. Furthermore, the seismic performance of anchors was assessed under
load cycling only. However, future studies should focus on their seismic performance
under simulated crack cycling.
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Abbreviations

ANc
Failure area of concrete with a single/group of anchors; for the calculation of concrete
breakout strength subjected to tension

ANco
Failure area of concrete with a single anchor; for the calculation of concrete breakout
strength subjected to tension when not limited by spacing or edge distance

AVc
Actual projected area (base) of the concrete fracture-cone-adjacent side of the
concrete member

AVco
Idealized projected area (base) of the concrete fracture cone as a half pyramid that equals
3c1 times 1.5c1

Ase Cross-sectional area of the anchor
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c1
Edge distance in the loading direction (equals the greater of c2/1.5 and h/1.5 for
anchors in concrete members with c2 < 1.5c1 and h < 1.5c1)

c2 Edge distance perpendicular to the loading direction
da Anchor diameter
fc′ Concrete compressive strength
f’cc Concrete cube compressive strength = 0.85 f ′c
fut Tensile strength of anchor steel
h Thickness of the concrete member
hef Anchor effective embedment depth
kc Coefficient for basic concrete breakout strength subjected to tension
kcp Coefficient for pry-out strength

le
Activated bearing length of anchor ≤ 8da (le equals anchor effective embedment for
anchors with constant overall stiffness, and 2da is for expansion anchors with separated
spacing and expansion sleeves)

Nb Basic concrete breakout strength of single anchor subjected to tension
Ncb Concrete breakout strength of anchors in tension
Neq

The maximum seismic tension test load, equal to 50% of the mean tension capacity in
cracked concrete from reference tests

Ni Equals (Neq + Nm)/2
Nm One-quarter of the mean tension capacity in cracked concrete
Vb1,
Vb2

Basic concrete breakout strength of single anchor subjected to shear

Vcb Concrete breakout strength of anchors subjected to shear
Vcp Concrete pry-out strength of a single anchor
Veq

Maximum seismic shear load calculated as one-half of the mean capacity in cracked
concrete from calculated shear capacity or shear tests

Vi Equals (Veq + Vm)/2

Vm
One-quarter of the mean shear capacity in cracked concrete calculated from steel
capacity or from test results

Vsa Shear strength of a single anchor
λa Modification factor for the type of concrete used
ψc Modification factor accounting for the presence or absence of concrete cracks
ψcp Modification factor of the tensile strength of post-installed anchors
ψed Modification factor accounting for the effect of proximity to edges of concrete member

ψh
Modification factor for the shear strength of anchors located in concrete members with
h < 1.5ca1
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