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Abstract: The potential of accidental loads such as explosions and impacts cannot be overlooked
given the widespread use of precast concrete (PC) buildings. However, research on the impact
resistance of reinforced concrete precast beams is limited. In order to explore the dynamic behavior
of PC beams connected by grouted sleeves under impact loads, this work developed a numerical
model based on the finite element program LS-DYNA. First, the experimental process was described
in detail, and the numerical model was evaluated and calibrated according to the experimental data.
Then, parameters such as impact location, concrete strength of precast section and stirrup rate of
cast-in-place area were studied. Finally, a simpler model based on equal high-frequency impulse
impact force was suggested, and the viability of a single-degree-of-freedom model theory was proved
for the dynamic analysis of PC simply supported beams subjected to impact loading. According
to the findings, the interface of precast concrete and cast-in-place concrete is the weak point of the
PC beam, which is prone to shear damage under impact loads. Second, when the middle of the
cast-in-place part of the PC beam is impacted, wide cracks from the bottom to the top are quite likely
to form. As a result, the most disadvantageous impact position for PC beams is in the middle of the
cast-in-place portion. Although increasing the concrete strength of the precast section can reduce
crack formation, it has minimal influence on the interface’s shear resistance. Furthermore, increasing
the stirrup rate in the post-cast portion can increase the overall shear resistance of the PC beams.

Keywords: precast concrete beam; grouted sleeve connection; impact loading; damage analysis;
single-degree-of-freedom model

1. Introduction

As precast reinforced concrete structure (PC) building technology advances, its ad-
vantages in terms of construction cost, time cost, and environmental protection become
increasingly apparent. It is increasingly being utilized in residential and commercial struc-
tures across the world [1–3]. The fundamental distinction between PC and reinforced
concrete (RC) components is the manner in which they are connected. Unlike RC com-
ponents, PC components are pre-produced at the factory and afterwards brought to the
building site for assembly. The connecting technique of PC components directly influ-
ences the overall performance of PC structures. Therefore, the connecting technique of PC
components has gained more and more attention from researchers [4–6].

At present, there are two types of assembly procedures for PC components: dry
connection, and wet connection. For dry connection, all prefabricated components are
normally completed in the factory, and the connection is completed on site using bolts or
welding, etc. For wet connection, the longitudinal reinforcement in the beam is commonly
connected by grouted sleeve, spiral hoop restraint and metal bellows. After raising the
PC components to the installation location, cast-in-place concrete is poured to finish the
connection between the PC components. In the field of precast concrete buildings, the
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grouted sleeve connection method has been widely adopted for its robust and dependable
mechanical qualities, fast construction duration, and easy operation [7–9].

Currently, academics have completed several investigations on the mechanical charac-
teristics of grouted sleeve PC parts [10,11]. Liu et al. [12] conducted cyclic loading tests on
PC beam–column nodes connected by grouted sleeves to evaluate the seismic performance
of the nodes. The results indicated that the ductility of PC beam–column nodes increased
by 5.2% and the average energy dissipation coefficient improved by 0.71% compared with
RC beam–column nodes. Lu et al. [13] designed a PC beam with double grouted sleeve
connection and evaluated the flexural and seismic performance of the PC beam, and pro-
posed a method for calculating the bearing capacity of the PC beam with double grouted
sleeve connection. Ma et al. [14] studied experimentally the influence of anchoring length
on the grouted sleeve connection on the pullout resistance performance. The link between
anchoring length and ultimate tensile force was given, and a calculation formula was
developed. However, much of the research effort carried out so far has concentrated on the
seismic performance of grouted sleeve PC members and less on their mechanical properties
under impact loads. In addition to seismic loads, PC structures may also be endangered by
accidental loads such as explosions and shocks [15–17]. Therefore, a detailed study of the
impact resistance of grouted sleeve precast beams under impact loads is important.

At present, the damage process of ordinary RC beams under impact loads has been
quite thoroughly researched [18,19]. Numerous study results have revealed that RC con-
structions display considerably distinct damage mechanisms under static and dynamic
stresses [20]. The strain rate impact of the material is more noticeable under dynamic loads.
Unlike plastic deformation damage under static stresses, RC beams under impact loading
frequently display shear damage [21]. Yu et al. [22] discovered that previous axioms for
static flexural load capacity calculations are not applicable to RC beams under impact
loading, based on drop hammer impact tests and LS-DYNA numerical simulations. Zhang
et al. [20] employed uniaxial damage material models for concrete and steel reinforcement.
The deterioration process of the load-bearing capability of RC beams after impact was
examined using fiber cross-section analysis. Pham et al. [23] provided a technique to
consider the shear force distribution and bending moment distribution of RC beams under
impact loading, which was confirmed by experimental and computational findings. In
addition, unlike static loading, the contact stiffness of the impactor and the RC beam has a
substantial effect on the dynamic bending moment and shear moment distribution of the
beam when the RC beam is exposed to impact loading [24].

With the expanding usage of prefabricated constructions, PC beams are also garner-
ing more and more attention. Grouted sleeve connection techniques are also commonly
employed in PC beams with their multiple benefits [25]. The damage mechanisms and
dynamic response of grouted sleeve connected PC beams may be distinct from conven-
tional wet connected PC beams. Nevertheless, there are limited research on the mechanical
characteristics of PC beams coupled with grouted sleeves under impact loads [26]. Yan
et al. [27] studied the impact resistance of PC beams connected with grouted sleeves, con-
centrating on characteristics such as impact velocity and assembly location. The results
demonstrated that the assembly location had a substantial effect on the impact resistance
of PC beams. Zhao et al. [28] studied the dynamic response of PC piers linked by grouted
sleeves under impact loads based on the finite element approach. The findings of the
investigation revealed the mechanical characteristics of the grouted sleeve under impact
loading. A curvature-based damage assessment approach for PC piers joined by grouted
sleeves was presented.

In summary, studies on the mechanical characteristics of conventional RC beams under
impact loading are becoming more and more mature, whereas the research on grouted
sleeve PC beams is less frequently studied. In addition, crucial parameters such as impact
location, strength of precast concrete, and stirrup reinforcement ratio in cast-in-place areas
have not been explored. Fewer investigations have been undertaken for the theoretical
computation of the deformation of grouted sleeve PC beams under impact loading. The
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rapid development of prefabricated structures has put forward more requirements for the
study of mechanical properties of PC components. Therefore, it is necessary to carry out an
in-depth investigation on the mechanical characteristics of grouted sleeve PC beams under
impact loading.

The research topic of this work is separated into three parts. First, a validation model
of grouted sleeve PC beams under impact loading was constructed, and the simulation
approach of grouted sleeve connection mode was provided. Then, the characteristics such
as impact location, precast concrete strength and stirrup reinforcement ratio of cast-in-place
area were examined. Finally, this work adopted a simplified single-degree-of-freedom
model to theoretically examine the mechanical characteristics of PC beams under impact
loads. The viability of the theoretical analysis approach of the single-degree-of-freedom
model for grouted sleeve PC beams was proven, and will provide a reference for the
engineering design of grouted sleeve PC beams.

2. Numerical Model Verification
2.1. PC Beam Geometry Model

In this work, PC beams were simulated under impact loads to validate the reliability
of the numerical simulation [27]. In this section, the geometry of the model, material
parameters, loading method and boundary conditions are provided.

The detailed dimensions and reinforcement of the PC beam are shown in Figure 1.
The dimensions of the beam are 200 mm × 400 mm × 3300 mm with a net span of 2900 mm.
The longitudinal tensile and compressive sides of the beam are symmetrically arranged
with reinforcement. There are two HRB400 [29] reinforcements of Φ16 on the tensile side
and two on the compressive side. The reinforcement rate of longitudinal reinforcement
is 1.01%. The stirrup adopts Φ6@150 HRB400 steel bar. The stirrup reinforcement ratio is
0.19%. The thickness of the concrete cover is 20 mm, and the strength of the concrete in the
precast part of the PC beam is C30 [30]. 500 mm of cast-in-place area is reserved, and the
strength of the concrete in the cast-in-place area is C40. In the test, steel shafts and steel
plates are installed at both ends of the reinforced concrete beam to simulate the simply
supported boundary conditions (Figure 2).
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LS-DYNA, as the most widely used dynamic analysis software, has been applied by
many scholars to analyze the dynamic response of concrete structures under impact and
blast loads [28]. The numerical model can simulate the nonlinear properties of reinforced
concrete materials very well [31]. Therefore, in this work, the finite element software
LS-DYNA was used to investigate the mechanical characteristics of PC beams under
impact loads.

In this study, solid elements (Solid 164) were used to simulate concrete, drop hammer
and steel shafts. A beam element (Beam 161) with 2 × 2 Gaussian integrals was utilized
to model the reinforcement and grout sleeve. It is crucial to note that this study assumes
no bond slip between the reinforcement, grout sleeve and concrete. The drop hammer
was a cylinder with a diameter of 200 mm and a height of 200 mm. The impact weight
was changed by adjusting the density of the drop hammer. The initial velocity of the drop
hammer was regulated by the term *INITIAL VOLOCITY GENERATION. The numerical
model is given in Figure 3.
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2.2. Material Model and Strain Rate Effects

The LS-DYNA material library contains a range of concrete intrinsic structure models,
such as 72#, 84#, 96#, 111#, 159#, and 272# material models, which have been extensively
utilized in research work on concrete structures under blast and impact loads [32,33]. In this
research, the Riedel-Hiermaier-Thoma model (*MAT_RHT) [34] was utilized to simulate
concrete under impact loads. The *MAT_RHT model offers a good description of the
mechanical behavior of concrete structures under high-frequency loads such as blast and
impact [35]. The model is embedded through the elastic limit surface equation, failure
surface equation and residual strength surface equation for a given stress state and loading
rate. This calculation method can describe the change pattern of concrete under impact
loading. The expression of the failure surface equation for the RHT intrinsic model is
provided below:

σfail(p, θ,
.
ε) = fc · σ∗

TXC(ps) · R3(θ) · Frate(
.
ε) (1)

where, σ∗
TXC(ps) is the quasi−static failure surface compression radial equivalent force

strength, R3(θ) is the Rhodes angle factor, Frate(
.
ε) is the strain rate dynamic enhancement

factor, and ps = p/Frate(
.
ε) is the quasi−static pressure.

Concrete exhibits typical rate-sensitive characteristics. During numerical simulations,
impact and blast loads create strain rate effects in brittle materials such as concrete. The
strain rate values under drop hammer impact loading vary from 10−1 to 102. As the
strain rate rises, the uniaxial tensile and compressive strength of concrete increases [36].
Therefore, *MAT_RHT incorporates a dynamic strain rate factor function in the failure



Buildings 2022, 12, 2146 5 of 23

surface equation. The relevant dynamic amplification factor is supplied to address the
strain rate impact of the concrete material. The mathematical expression of this is as follows:

Frate(
.
ε) =



( .
ε
.
ε

c
0

)βc
p ≥ fc/3

p+ ft/3
fc/3+ ft/3

( .
ε
.
ε

c
0

)βc
+ p− fc/3

− ft/3− fc/3

( .
ε
.
ε

c
0

)βt
− ft/3 < p < fc/3(

.
ε
.
ε

t
0

)βt

p ≤ − ft/3

(2)

where, ft is the uniaxial tensile strength;
.
ε

c
0 = 30 × 10−6s−1,

.
ε

t
0 = 3 × 10−6s−1; βc is

the compressive strain rate index, βc = 4/20 + 3 fc; βt is the tensile strain rate index,
βt = 4/20 + 3 f ; fc is the uniaxial compressive strength.

In the RHT model parameters, the uniaxial compressive strength of the material fc
was accurately obtained by means of tests. The shear modulus G was derived through
theoretical computation. The other parameters can only be quoted from the concrete-related
parameters due to their complicated access to the test. The parameters utilized in this
work can be found in the literature [37–39]. The RHT concrete material specifications are
provided in Table 1.

Table 1. The RHT constitutive model parameter of concrete.

Parameters Value Parameters Value Parameters Value

ρ0 2300 kg/m3 A2 3.958 × 1010 Pa Q0 0.6805
pel

a 2.33 × 107/b 9.33 × 107 Pa A3 9.04 × 109 Pa B 0.0105
pcomp 6 × 108 Pa B0 1.22 βc a 0.032/b 0.011

N 3.0 B1 1.22 βt
a 0.036/b 0.015

α0 1.1884 T1 3.527 × 1010 Pa
.
ε

c
0 3.0 × 10−5 s−1

A1 3.527 × 1010 Pa T2 0 Pa D1 0.04
fc 3.5 × 107 Pa .

ε
t
0 3.0 × 10−6 s−1 D2 1

f ∗t
a 0.1/b 0.157

.
ε

c 3.0 × 1022 εm
p

a 0.01/b 0.017
f ∗s 0.18 .

ε
t 3.0 × 1022 Af 1.6

G 1.67 × 1010 Pa g∗c 0.53 Nf 0.61
A 1.6 g∗t 0.7
n 0.61 ξ 0.5

a Parameters of C30. b Parameters of C40.

The steel shaft was represented using the *MAT_20 (*MAT_RIGID) rigid material
model. The longitudinal reinforcements, stirrups and drop hammer were all modeled using
the kinematic hardening model *MAT_003 (*MAT_PLASTIC_KINEMATIC), assuming a
constant yield surface of the material. It is worth mentioning that the strength of the
reinforcement rises with the loading rate under impact loading. The improvement of the
material strength is determined by the dynamic factor (DIF), and the *MAT_003 material
adopts the Cowper–Symonds model to account for the impacts of strain rate. Therefore, the
adoption of this material model gives a more accurate representation of the dynamic strain
rate impact on the reinforcement. This empirical calculation has been widely used [40].

The DIF for concrete compressive strength is expressed by the following equation:

DIF = 1 +
( .

ε

C

) 1
p

(3)

where,
.
ε is the strain rate parameter; P and C are strain rate related parameters.
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Therefore, the equation for the yield stress of the material is expressed as follows:

σy =

[
1 +

( .
ε

C

)1/p](
σ0 + βEpεe f f

)
(4)

where, σ0 and εeff are the initial yield stress and effective plastic strain, respectively; Ep
denotes the plastic hardening parameter.

Taking the concrete of C30 strength as an example (Figure 4), the stress–strain re-
lationship of the C30 concrete test block at different strain rates is shown in the figure
below [41,42].
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According to the test results, the yield strength, modulus of elasticity and density of
the bars were 450 MPa, 209 GPa and 7800 kg/m3, respectively. The main parameters of
*MAT_003 are shown in Table 2.

Table 2. Parameters of MAT_003.

Material Material Model Parameter Value

Steel reinforcement,
Steel impactor MAT_PLASTIC_KINEMATIC

Density 7800 kg/m3

Young’s modulus 209 GPa
Poisson ratio 0.3
Yield stress 450 MPa

Tangent modulus 2.09 GPa
Hardening parameter 40
Strain rate parameter 5

It is vital to note that when members are exposed to impact loads, excessive deforma-
tion may ensue, leading to erroneous calculation results and energy leakage. *MAT_ADD_
EROSION gives a mechanism to automatically remove over-deformed elements based on
given criteria. This keyword specifies numerous conditions, and when one or more of
these requirements are fulfilled in the numerical computation, the element will be deleted
from the numerical model. Among these, the maximum principal strain criterion is ex-
tensively employed for concrete structures under impact or blast loads, and good results
have been achieved [43]. Therefore, in this work, the greatest principal strain is defined
as a criterion with a threshold value of 0.3. It corresponded better with the experimental
data [44]. For steel reinforcement, the failure plastic strain was specified as 0.12 in the
keyword *MAT_003 [45].
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2.3. Mesh Size and Contact

In addition, the size of the mesh has a considerable influence on the outcomes of the
finite element simulation. Since this numerical model employs a single integral point solid
element, the keyword *CONTROL_HOURGLASS is utilized to overcome the hourglass
pattern. In order to establish a suitable mesh size, the dynamic response of the PC beam was
explored in this section for concrete mesh sizes of 5 mm, 10 mm, and 20 mm, respectively.

Observe the mesh size on the peak impact force, peak central displacement and
residual displacement (Figure 5). Compared with the grid size of 20 mm, 5 mm and
10 mm can capture the damage of concrete more correctly, while 20 mm has larger damage
range and somewhat less accuracy (Figure 5a). The peak impact forces of the three are
approximately comparable (Figure 5b), but the peak displacement in the center of the grid
size of 20 mm varies greatly from the numerical models of 5 mm and 10 mm (Figure 5c).
It can be shown that the mesh size of 5 mm and 10 mm satisfy the precision of numerical
simulation and can replicate the dynamic response of PC beam under impact load effectively.
Meanwhile, considering the computational cost, the mesh size of concrete in this article
is determined as 10 mm, the mesh size of reinforcement is likewise set as 10 mm, and the
maximum mesh size of drop hammer and steel shaft is 20 mm.
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It is necessary to note that the interface between the precast concrete and cast-in-place
concrete is the weak spot of PC beams compared to RC beams. Under impact loading,
the concrete at the interface readily surpasses the tensile or shear stress limit, which is
frequently a common damage mechanism of PC beams. Therefore, in this study, a very thin
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layer of solid elements was chosen as the interface [26,46]. The concrete strength of this
layer of solid elements is the same as that of precast concrete. The erosion criteria based
on the highest principal strain in the term *MAT_ADD_EROSION is utilized. Through
trial and error, it was discovered that a maximum principal strain value of 0.005 for the
interfacial unit was a good predictor of the test outcomes. To date, no failure behavior
owing to damage of grout sleeve with longitudinal reinforcement has been found in the
investigation of PC beams connected by grout sleeves. Therefore, in this work, the grout
sleeve for connecting longitudinal reinforcement was simplified to a reinforcement with
a comparable cross-sectional area to the longitudinal reinforcement, but with a different
strength. The equivalent reinforcement was brought into contact with the longitudinal
reinforcement utilizing a common node, a setup approach that has been verified in earlier
investigations [26]. The formulae for calculating the strength and stiffness of the equivalent
reinforcement are as follows:

Ee =
Es As + Eg Ag + Er Ar

A
(5)

σe =
σs As + σg Ag + σr Ar

A
(6)

where A is the total area of grout sleeves. As, Ag and Ar are the area of steel sleeve, grout and
rebar, respectively; As, Ag and Ar are 791.68 mm2, 816.81 mm2, 201.06 mm2, respectively; Es,
Eg and Er are the elastic modulus of steel sleeve, grout and rebar, respectively; Es, Eg and Er
are 201 GPa, 13.6 GPa, 209 GPa, respectively; σs, σg, and σr are the strength of steel sleeve,
grout and rebar, respectively; σs, σg, and σr are 602 MPa, 85 MPa, 450 MPa, respectively.

The coupling contact between concrete, longitudinal reinforcement, and hooped rein-
forcement was set by the keyword *CONSTRAINED_BEAM_IN_SOLID. This keyword
couples the 2-node line and solid elements for calculation, which allows the axial shear
force between the reinforcement and concrete owing to bond slip to be set. During the
computation, the approach permits large deformation of the reinforcements, successfully
addressing the energy balance mistakes caused by the earlier use of the keyword *CON-
STRAINED_LAGRANGE_IN_SOLID [34].

The keyword *CONTACT_AUTOMATIC_SURFACE_TO_SURFACE was used to set
the contact between the drop hammer and the PC beam. This keyword mimics the contact
between the two parts by specifying the contact stiffness k of the solid element penalty
function. The formula for k is shown below:

k =
fsKA2

V
(7)

where fs is the scale factor for the interface stiffness and its default value is 1.0, k is the bulk
modulus of contact materials, A and V are the contact area and the volume containing the
contact elements, respectively.

According to the current research [47], setting SFS and SFM to 0.1 and static and
dynamic friction coefficients FS and FD to 0.6 can achieve better simulation results. In this
work, the steel shaft was configured as a rigid body without deformation and movement.
Therefore, considering the probable deformation of the PC beam at the support, *CON-
TACT_AUTOMATIC_NODE_TO_ SURFACE was utilized to model the contact between
the steel shaft and the PC beam, a point and surface contact that is well documented in
numerous studies [48]. The keyword *INITIAL_VOLOCITY_GENERATION was used to
set a starting velocity to the drop hammer.

2.4. Comparison of Numerical Simulation and Experimental Results

In this part, specimen B4a from the test of our group was employed as the validation
model [27]. The drop hammer weight of specimen B4a in the test was 253 kg and the
impact velocity was 5.6 m/s. From the results of the comparison between the test and
numerical simulation (Figure 6a), the damage of the member was mainly in three parts,
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i.e., the interface between the precast and cast-in-place concrete on the left and right sides,
and the part of the central precast concrete beam that was directly impacted. Both testing
and numerical simulations indicated shear fractures at the interface. The shear cracks
grew from the bottom of the beam to the top of the beam, generating a pass through.
The bending cracks in the central precast concrete piece developed intensively, and the
numerical simulations were able to properly calculate the position of the crack formation.
At the same time, both experimental and numerical modeling findings demonstrated cracks
in the horizontal direction caused by the impact on the top of the beam. Therefore, the
numerical technique employed in this article can better mimic the damage phenomena of
PC beams under impact loading.
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In addition, this section compared the impact forces and vertical displacements from
the experimental and numerical models (Figure 6b,c). The impact forces in the test and
numerical simulation were 1086 kN and 1075 kN, respectively, and the discrepancy between
them was roughly 1.01%. Slightly different from the experimental results, the numerical
simulation did not mimic the secondary impact of the drop hammer well. This is because
the numerical model did not account the influence of gravity, and the drop hammer bounced
up and did not fall down again. However, the secondary impact load of the drop hammer
was minimal, and the effect on the structure was insignificant. The highest displacements
of the test and numerical simulation were 21.08 mm and 19.67 mm, respectively, and the
difference between them was around 6.69%. The residual displacements of the test and
simulation were around 11.44 mm and 10.83 mm, respectively, and the difference between
them was about 5.33%. The peak and residual displacements of the numerical simulation
were somewhat lower than those of the test, which may have been caused by the fact that
factors such as bond slip between concrete and reinforcement in the test were not taken into
consideration in the numerical simulation. Overall, the numerical calculation results and
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the experimental findings coincided well. The parameters used in the numerical simulation
were more reliable.

3. Parametric Analysis

PC beams are more vulnerable to damage in the region subjected to direct impact at
the interface of precast concrete and cast-in-place concrete under impact loads. Based on the
finite element simulation approach that was confirmed in the previous section, this section
carried out the study of the parameters relevant to the mechanical characteristics of PC
beams under impact loading. The specific parameters studied were the impact location of
the drop hammer, the concrete strength of the precast section, and the stirrup reinforcement
ratio in the post-cast region (Table 3). Among these, the impact position was the distance
between the center of the drop hammer and the middle of the span of the PC beam. The
estimated formula for the stirrup reinforcement ratio in the post-cast region is as follows:

ρsv =
Asv

bs
=

n × Asv1

b × s
(8)

where, b is the width of the rectangle member section, s is the spacing of the stirrup, n is the
number of hoop sections in the section, and Asv1 is the cross-sectional area of the stirrup.

Table 3. PC beam parameter analysis working conditions.

No. Impact Location/mm Concrete
Strength/MPa

Stirrup Reinforcement
Ratio/%

PC1 0 30 0.19
PC2 475 30 0.19
PC3 725 30 0.19
PC4 975 30 0.19
PC5 0 40 0.19
PC6 0 50 0.19
PC7 0 30 0.28
PC8 0 30 0.57

3.1. Impact Position

In the present relevant investigations, the impact on the mid-span part of the beam
is frequently examined [20,49], especially for PC beams with cast-in-place concrete in the
mid-span area. However, this consideration may be inappropriate for PC beams with
several cast-in-place zones. Therefore, in this section, the effects of impact locations 0 mm,
475 mm (left interface), 725 mm (middle of cast-in-place zone), and 975 mm (right interface)
from the span center were evaluated (Figure 7). The weight of the drop hammer is 253 kg
and the impact velocity was 6 m/s.
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The varied impact positions induced distinct damage profiles (Figure 8a). The impact
forces of PC1~PC4 were not equal. The impact force of PC1 was around 1386 kN, which was
smaller than that of PC2~PC4. This showed that PC1 begins plastic deformation slightly
earlier than other working conditions (Figure 8b). Under the impact load, PC1 displayed
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symmetrical damage on the left and right sides. A penetration fracture was produced in
the span, and a “Z”-shaped crack occurred at the concrete contact at sites 1 and 4. This
behavior shows that the reinforcement starts to be subjected to tension and compression at
this time and works in concert with the concrete to deform.
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It should be noted that large cracks of a penetrating type were observed in all three
working conditions from PC2 to PC4. The cracks at the bottom of the PC beam penetrated
to the top of the beam. Especially in PC3, large “trapezoidal” cracks appeared in the cast-
in-place area. A horizontal through crack was formed from the right end of the beam to the
middle of the span. The longitudinal reinforcement at the bottom was severely deformed.
Although the monitoring point was located in the middle of the beam span, the residual
deformation of PC3 was even larger than that of PC2 (Figure 8c).
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From the overall damage pattern, PC1 was plastic-deformed under the impact load.
The cracks were predominantly dispersed in the middle of the span and at the interface
1 and 4, with a small amount of damage at interface 2 and 3. With the changing of the
impact position, the damage degree of PC beam evidently varied. The damage of interface
1 and 2 steadily lessened. In addition, a large number of radial and longitudinal penetration
cracks appeared at the bottom of the beam. Overall, under the same impact load, the
middle of the cast-in-place area on the right side of the PC beam was the most severely
damaged member when impacted.

3.2. Concrete Strength

In order to study the effect of concrete strength on PC beams under impact loading, the
concrete strength of precast section was set to 30 MPa, 40 MPa and 50 MPa in this section.
Meanwhile, the concrete strength of 40 MPa was maintained in the cast-in-place area.

The damage of PC beams under impact loading is depicted in Figure 9a. The damage
of the member is predominantly localized at the concrete interface and the area of the
mid-span susceptible to direct impact. The interface is the weak region of the component,
which creates shear damage under the impact stress and develops a significant number of
shear cracks. When the concrete strength is raised to 50 Mpa, 45◦ oblique fractures emerge
in the cast-in-place region. It is noticeable that the damage fractures in the mid-span section
steadily reduce as the concrete strength of the precast section improves. It can be shown
that raising the concrete strength of the precast section can effectively increase the impact
resistance of the span-middle region of the PC beam. The concrete strength of the PC section
should not be higher than the cast-in-place concrete strength, or else it would increase the
degree of damage in the cast-in-place area.
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With the rise in concrete strength, the local stiffness of PC beam span mid-section
increased. The peak impact force increased from 1386 kN to 1591 kN (Figure 9b), and
increased by 14.79%. Interestingly, the residual displacements did not change significantly
despite the substantial variance in the peak mid-span displacements of the three. The
residual displacements of PC1, PC5 and PC6 were around 12.76 mm, 12.03 mm and
11.52 mm (Figure 9c). The residual displacements of the three were reduced by 5.72% and
9.72%, respectively. It can be seen that the increase in concrete strength of precast sections
enhanced the local stiffness of PC beams, but the influence on the overall stiffness was not
considerable.

3.3. Stirrup Reinforcement Ratio

Numerous study results have revealed [50,51] that the concrete interface of PC beams
is the weakest part of the member under either static load or impact load. In order to
investigate the effect of the stirrup reinforcement ratio on PC beams, the stirrups in the
cast-in-place area of the member were encrypted in this section (Figure 10). The encryption
length was 450 mm on each of the left and right sides of the cast-in-place zone. The spacing
of stirrups in the encrypted zone was 150 mm, 100 mm and 50 mm for PC1, PC7 and PC8,
respectively.
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The damage of PC beams with varied stirrup ratios under impact loading is illustrated
in Figure 11a. The damaged regions of the PC beams were localized at the concrete interface
and the area subjected to direct impact. The damage at the interface reduced with the
increasing of the stirrup rate. The most severe damage at interface 1 and 2 transferred from
the bottom to the top of the beam, while the damage at interface 3 and 4 steadily reduced
until it disappeared. Interestingly, when the concrete damage at interface 2 and 3 subsided,
the damage at interface 1 and 4 was localized in the higher half of the junction surface. This
may have been caused by the quick transmission of the impact force to intersection 1 and 4,
due to the high rise in the stirrup rate and the increase in local stiffness between interface 2
and 3.

The peak impact forces of PC1, PC7 and PC8 were roughly 1386 kN, 1442 kN and
1486 kN. It can be observed that the increase in the stirrup reinforcement ratio locally
increased the stiffness of the mid-span section. It also enhanced the peak impact force of
PC7 and PC8 (Figure 11b). As a consequence, the peak and residual displacements in the
mid-span of the members steadily reduced with the increase of the stirrup reinforcement
ratio. The highest displacements of PC1, PC7 and PC8 were around 22.45 mm, 19.05 mm
and 17.44 mm, respectively. The residual displacements of the three were roughly 12.76 mm,
11.5 mm and 10.99 mm, respectively (Figure 11c). The residual displacement of the three
were reduced by 9.87% and 13.87%, respectively.
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Therefore, the local stiffness of PC beams can be improved by encrypting the stirrup
in the cast-in-place area and increasing the stirrup reinforcement ratio. At the same time,
the shear resistance of the concrete interface of PC beams can be effectively enhanced.

4. Single-Degree-of-Freedom Theoretical Calculation Method

Currently, most of the dynamic responses for PC beams under impact loads are based
on numerical simulations and experimental methods. In this section, a simplified single-
degree-of-freedom model was used to explore the mechanical properties of PC beams under
impact loading. The key issues of using the simplified single-degree-of-freedom model
are: simplification of the single-degree-of-freedom model, simplification of the impact load,
and simplification of the force-resisting model.

4.1. Simplification of the Single-Degree-of-Freedom Model

Simply supported beams are continuous mass distribution systems. In order to
simplify the analysis process, the simply supported beam was equated to a single degree
of freedom system for analysis according to the principle of energy conservation. The
simplified models of elastic and plastic single degree of freedom for the simply supported
beam system with uniform mass distribution are shown in Figures 12 and 13, respectively.
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When the PC beam is in the elastic phase, the kinetic energy of the PC beam is
expressed as follows:
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where, Km is the elastic mass conversion factor, Km = 0.33.

4.1.2. Load Conversion Factor

For the work done by the impact load, since the impact force is a single point load, the
load factor Kl = 1. During the impact process, due to the very short impact action time, the
damping in the structure has not yet produced the effect, the member displacement has
reached the displacement maximum or limit value, and damage occurs. For the convenience
of calculation, the damping effect is usually not considered under the action of impact load.

4.1.3. Simplification of the Impact Load

The impact load is an impulsive type of load. Its impact force time course curve is
more complicated. The time course curve is simply divided into a high frequency triangular
part and a low frequency rectangle component. According to the concept of momentum
conservation, the impact force of the drop hammer on the beam can be simplified to a
triangular impulse load with the same high-frequency impulse as illustrated in Figure 14.
The shaded areas in both figures are equal.

I0 =
∫ t

0
F(t)dt (17)

Fc =
2I0

t0
(18)
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4.1.4. Simplification of the Resistance Model

In the single-degree-of-freedom model simplification, the concrete beam was simpli-
fied to an ideal elastic-plastic model for the convenience of calculation. Only the bending
deformation of the beam was considered, and its shear deformation was neglected. The
simplification is shown in Figure 15.
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In the figure, R(u) = kym is the ultimate bending load capacity, k is the bending
stiffness, and R(u) is the ultimate resistance. For a simply supported beam, the maximum

displacement in the span under the unit concentrated load is ymax = L0
3

48EIa
. The following

expressions can be derived:

k =
48EIa

L03 (19)

Ia = 0.5(Ig + Icr) (20)

Icr =
bc3

3
+ nAs(d − c)2 (21)

c =
−nAs +

√
nAS(nAs + 2bd)

b
(22)

n =
Es

Ecd
(23)

where, Ia is the average moment of inertia of the member cross−section, Ig is the moment
of inertia of the concrete member to the cross−section of the shaped axis, not counting the
effect of reinforcement; Icr is the moment of inertia of the concrete cracking section; b is the
member cross−section width; d is the effective height of the member cross−section; As is
the member reinforcement area; Es is the modulus of elasticity of reinforcement; Ecd is the
dynamic modulus of elasticity of concrete, which can be 1.2 times of the static load.

Equations (19)–(23) allow to calculate the beam stiffness in the linear range. When the
stress on the section of the beam is less than the yield limit, the deformation of the beam
is still in the elastic deformation stage. The formula derived above is suitable for the case
where the beam is elastically deformed in the first stage.

4.2. Solving the Equation

The impact dynamic equation of the equivalent single-degree-of-freedom elastic stage
of a reinforced concrete beam with continuous mass distribution is expressed as follows:

0.5M
..
y + ky = F(t) (24)

The impact dynamic equation of the equivalent single degree of freedom entering the
inelastic stage is expressed as follows:

0.33M
..
y + ky = F(t) (25)

For the dynamic response caused by the general dynamic load, the Duhamel integral
can be used to solve it. The principle is to discretize the whole loading process into a series of
instantaneous impulses. For a single-degree-of-freedom system with an initial displacement
a, and an initial velocity b, the displacement expression under general arbitrary loads is
as follows:

y(t) = y0 cos ωt +
v0

ω
sin ωt +

1
mω

∫ t

0
F(τ) sin ω(t − τ)dτ (26)

ω =

√
k
m

(27)

For low-energy impact loads, the specimen has not yet entered the plastic stage when
the impact force reaches its peak value. The plastic stage occurs in the drop of the impact
force. The solution process is as follows:

When t ≤ tr (tr is the time when the impact force reaches the peak value),

y =
F
k
· 1

tr

(
t − sin ωt

ω

)
(28)

When t = tr, assume that t = t1, y = y1,
.
y = v1.
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When t > tr, y ≤ ym,

y = F
k [1 − cos ω(t − tr)]− F

k •
1
tr

[
(t − tr)− sin ω(t−tr)

ω

]
+ v1

ω sin ω(t − tr) + y1 cos ω(t − tr)
(29)

When y = ym (ym is the maximum elastic displacement), assume that t = t2, y = y2,
.
y = v2.

When t > t2, t ≤ 2tr,

y = −1
6

F
tr
(t − t2)

3 +
(2tr − t2)

2tr
(F − Ru)(t − t2)

2 + v2(t − t2) + y2 (30)

When y > ym, t = 2tr, assume that t = t3, y = y3,
.
y = v3.

When t > t3, y < ymax(ymax is the maximum value of the displacement in the middle
of the span),

y = −1
2

R(u)(t − t3)
2 + v3t + y3 (31)

When y = ymax, assume that t = t4, y = y4,
.
y = v4.

When t > t4, y < ymax − ym,

y = y4[cos ω(t − t4)] (32)

When y = ymax − ym, t = t5.
When t > t5,

y = ymax − ym (33)

For high-energy impact loads, when the impact force has not yet reached its peak, the
specimen has entered the plastic phase, and the solution process is as follows:

When y ≤ ym(ym is the maximum elastic displacement),

y =
F
k
· 1

tr

(
t − sin ωt

ω

)
(34)

When y = ym, assume that t = t1,y = y1,
.
y = v1.

When t < t ≤ tr,

y =
1
6
· F

tr
(t − t1)

3 +
1
2
·
[

t1

tr
F − R(u)

]
(t − t1)

2 + v1(t − t1) + y1 (35)

When t = tr, assume that t = t2, y = y2,
.
y = v2.

When t > t2, t ≤ 2tr,

y = −1
6
· F

tr
(t − t2)

3 +
1
2
·
[

F − R(u)

]
(t − t2)

2 + v2(t − t2) + y2 (36)

When t = 2tr, assume that t = t3, y = y3,
.
y = v3.

When t > t3, y < ymax,

y = −1
2

R(u)(t − t3)
2 + v3(t − t3) + y3 (37)

When y = ymax, assume that t = t4, y = y4,
.
y = v4.

When t > t4, y < ymax − ym,

y = y4[cos ω(t − t4)] (38)

When y = ymax − ym, assume that t = t5.
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When t > t5,
y = ymax − ym (39)

The solution flow chart of Equations (26)–(39) is shown in Figure 16.
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4.3. Time-History Curve of Mid-Span Displacement

The time-history curve of mid-span displacement acquired by experiment [27] and
theoretical computation is presented in Figure 17. It can be observed from the time-history
curves of each specimen that the estimated findings of the peak mid-span displacement of
each specimen are all bigger than the experimental values under the identical operating
circumstances. The reason may be that the value of the stiffness in the theoretical calculation
is smaller than the actual stiffness. The simplified ideal elastic-plastic concrete resistance
model decreases the real stiffness of each specimen.

Comparing the theoretical and experimental values of peak vertical displacement
in the span of PC beams under impact loading (Table 4), it can be shown that when the
impact energy is modest, the peak impact force is tiny. When the impact force reaches
its apex, the specimen has not yet reached the plastic phase. Entering plasticity happens
when the impact force lowers. At this moment, the theoretical value is closer to the test
value. However, when the B4d impact energy grows too fast, the peak impact force likewise
increases rapidly. The rigidity of the PC beam drops fast and the theoretical value deviates
from the practical value. It can be observed that the peak vertical displacement in the
span of the PC beam can be predicted more conservatively by simplifying the PC simply
supported beam with continuous mass distribution to a single-degree-of-freedom model
and creating the dynamic equations for its dynamic analysis. Although the redundancy of
the computation results is substantial, it is nevertheless of practical reference relevance.
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Table 4. Comparison of test and theoretical calculation of peak vertical displacement.

No. Test/mm Calculation/mm (Calculation/Test) − 1

B4a 21.00 26.7 27%
B4b 29.84 38.82 29%
B4c 76.45 79.76 4.3%
B4d 117.65 188.9 61%

Buildings 2022, 12, x FOR PEER REVIEW 21 of 24 
 

  
(a) B4a (b) B4b 

(c) B4c (d) B4d 

Figure 17. Comparison between theoretical calculation and test of peak vertical displacement. 

Comparing the theoretical and experimental values of peak vertical displacement in 
the span of PC beams under impact loading (Table 4), it can be shown that when the im-
pact energy is modest, the peak impact force is tiny. When the impact force reaches its 
apex, the specimen has not yet reached the plastic phase. Entering plasticity happens 
when the impact force lowers. At this moment, the theoretical value is closer to the test 
value. However, when the B4d impact energy grows too fast, the peak impact force like-
wise increases rapidly. The rigidity of the PC beam drops fast and the theoretical value 
deviates from the practical value. It can be observed that the peak vertical displacement 
in the span of the PC beam can be predicted more conservatively by simplifying the PC 
simply supported beam with continuous mass distribution to a single-degree-of-freedom 
model and creating the dynamic equations for its dynamic analysis. Although the redun-
dancy of the computation results is substantial, it is nevertheless of practical reference 
relevance. 

Table 4. Comparison of test and theoretical calculation of peak vertical displacement. 

No. Test/mm Calculation/mm (Calculation/Test) − 1 
B4a 21.00 26.7 27% 
B4b 29.84 38.82 29% 
B4c 76.45 79.76 4.3% 
B4d 117.65 188.9 61% 

5. Conclusions 
This paper investigated the dynamic response of precast beams connected by 

grouted sleeves under impact loads based on the subject’s impact load test concerning PC 

Figure 17. Comparison between theoretical calculation and test of peak vertical displacement.

5. Conclusions

This paper investigated the dynamic response of precast beams connected by grouted
sleeves under impact loads based on the subject’s impact load test concerning PC beams.
A revised finite element model was created and compared with the experimental data for
verification. Subsequently, the impact location, concrete strength of precast section, and
stirrup reinforcement ratio in cast-in-place area of PC beams under impact load were inves-
tigated. Finally, based on the simplified single-degree-of-freedom model, the mechanical
characteristics of PC beams under impact loading were evaluated theoretically. The main
research findings are summarized as follows:

(1) Under impact loads, the areas of the PC beam that are immediately struck and the
interfaces of precast and cast-in-place concrete are most vulnerable to damage. The
bottom of the portion subjected to direct impact is prone to tensile damage. The
interfaces of precast and cast-in-place concrete is prone to shear damage. Under the
same impact load, the damage is most significant in the central half of the cast-in-place
area of the PC beam. The protection of this portion should be increased;

(2) The local stiffness of PC beams increased with the increase of concrete strength in
precast sections. At the same time, the damage cracks in the mid-span of PC beams
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steadily decreased. When the precast concrete strength is C40 and C50, the residual
displacement in the beam span is 5.72% and 9.72% lower than that of C30, respectively.
Nevertheless, the interface between precast concrete and cast-in-place concrete is
still the weak spot. Increasing the strength of precast concrete did not appreciably
minimize the shear fractures of PC beams;

(3) Increasing the stirrup reinforcement ratio in the cast-in-place concrete section can
improve the local stiffness of the cast-in-place section of the PC beam. At the same
time, the residual displacement of the beam span under the impact load is reduced.
Compared with the stirrup ratio of 0.19%, when the stirrup ratio is 0.28% and 0.57%,
the mid-span displacement of the beam decreases by 9.87% and 13.87%, respectively.
The increase of the stirrup reinforcement ratio can enhance the shear resistance of the
interface and effectively reduce the degree of damage to the interface in the mid-span
section of the PC beam. Therefore, it is recommended to appropriately increase the
stirrup rate in the cast-in-place area to improve the overall shear capacity of the beam.

(4) In this study, the PC simply supported beam with continuous mass distribution was
simplified to a single-degree-of-freedom model for analysis. The simplified model
method based on equal high frequency impulse impact force was provided. The
calculation findings revealed that the theoretical value is somewhat larger than the
test value under low energy impact loading, with an average error of 20.1%, which is
more accurate. When the impact energy increases, the deviation of both is greater. The
single-degree-of-freedom computational model calculation approach is useful for the
investigation of the dynamic response of PC beams under low-energy impact loads.
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