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Abstract: In this study, on-site bending experiments which represented realistic and pragmatic engi-
neering applications were performed to investigate the resistance, deflection, and cracking process
of latticed girder composite slabs. Then, utilizing ABAQUS software, nonlinear finite element (FE)
models were established to investigate the behavior of the slabs. The modeling took into account the
contact between the precast and cast-in-place concrete interfaces. Additionally, a damage-cracking
methodology was introduced to evaluate the crack opening width of the slab. The results demon-
strated that the proposed numerical model was capable of reproducing the typical behavior of the
composite slabs’ performance analysis. The experimental and numerical results demonstrate that the
lattice girder composite slabs conformed to the requirement of existing design codes.

Keywords: precast concrete structures; latticed girder composite slab; on-site bending test; finite
element modeling; concrete crack width

1. Introduction

Precast concrete structures provide advantages such as standard quality, fast construc-
tion speed, the saving of formwork, low energy consumption, and structural sustainabil-
ity [1–3]. Therefore, precast and composite concrete structures and components have been
widely applied in industrial and civil buildings throughout the world in recent years [2].
Slabs are one of the most widely applied precast structural components in precast struc-
tures [4]. It has been reported that the usage of precast and composite slabs amounted
to 270 million m2 in China in 2019 [5]. As a promising construction method, it has been
predicted that over the next ten years the usage of precast slabs will expand to 3 billion m2

in China, which will bring about CNY 900 billion (about USD 140 billion) to the construction
market [5]. Experimental and numerical studies help to reveal the mechanical behaviors of
precast slabs.

A particularly common type of precast slab is the lattice girder composite slab. It is
shown in Figure 1a. It consists of steel lattice girders which are cast with the precast plank,
with cast-in-place concrete then poured after the installation of the precast plank. The surface
of the precast plank is roughened to provide bonding between the precast plank and the
cast-in-place concrete [4,6–8]. According to its configuration, the lattice girder composite
slab can be modeled for simplification. It is suggested in the Technical Specification for
the Application of Lattice Girder Slabs of China (T/CECS 715–2020) [9] that planks can
be manufactured to be 600–3500 mm wide and 1000–12000 mm long, depending on the
manufacturing methods and transportations. In order to maintain sufficient bonding to resist
the interface shear force, truss-like lattice girders are set on the precast planks (Figure 1) to
fulfill the following functions [3]: (a) they act as formwork and guarantee the stiffness of the

Sustainability 2021, 13, 3775. https://doi.org/10.3390/su13073775 https://www.mdpi.com/journal/sustainability

https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-0454-4836
https://doi.org/10.3390/su13073775
https://doi.org/10.3390/su13073775
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/su13073775
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/2071-1050/13/7/3775?type=check_update&version=3


Sustainability 2021, 13, 3775 2 of 15

slab until the cast-in-place concrete has sufficient strength, (b) they maintain enough bonding
to resist the shear force between the precast and cast-in-place concrete, and (c) they offer a
lifting point for the precast plank during transportation. The precast planks do not include
any steel bars reaching out from the edge of the slab. In engineering applications the floor
system is composed by several precast planks, thus, utilizing planks without additional steel
bars significantly simplifies the construction measures between each slab. A cross-section
view of the lattice girder composite slab is depicted in Figure 1b; the precast planks are closely
arranged and the cast-in-place concrete makes the slab a whole that only leaves a monolithic
joint at the bottom of the precast plank.
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Figure 1. Lattice girder composite slab: (a) configuration; (b) cross-section view to show the monolithic joint.

There are various retrofit experimental studies on the mechanical behavior of compos-
ite slabs, all of which aim at investigating one or several mechanical behaviors, such as the
stiffness, resistance, deflection, and construction measures. Before the application of lattice
girder composite slabs, several experiments were conducted to investigate the mechanical
behaviors of composite hollowcore slabs. Girhammar and Pajari [10] evaluated the shear
resistance of composite hollowcore slabs with a rough surface finish. Mones and Breña [11]
implemented push-off experiments on 24 hollowcore slabs to evaluate their horizontal
shear-bearing capacity. Adawi et al. [6,12] undertook a series of experiments to investigate
the interfacial properties between precast planks and the concrete topping. Lam et al. [13]
assessed the bonding of composite slabs subjected to flexural loads. Composite hollowcore
slabs achieve satisfactory bonding and provide sufficient bending resistance. However, the
thickness of hollowcore slabs is usually more than 240 mm, which increases the construc-
tion cost and reduces the internal space of structures. In order to decrease the thickness
of composite slabs, composite slabs with cold-formed sections (CFSs) were developed.
Euripides et al. [14] investigated the influence of embossed areas of CFSs in the composite
slab on the total strength in terms of pure tension and pure bending. Alhajri et al. [15] per-
formed experiments to examine the mechanical behavior of a precast U-shaped composite
beam by integrating CFSs with a ferro-cement slab. Although CFS composite slabs are less
thick when compared with hollowcore composite slabs, the cost of CFSs is relatively high
due to their manufacturing process. Thus, lattice girder composite slabs were developed.
Du et al. [16] conducted experimental work on the flexural bearing capacity of lattice girder
composite slabs. Newell and Goggins [3] carried out experimental tests of lattice girder
composite slabs at the construction stage and examined the key parameters that influence
their behavior at both serviceability and ultimate bearing limit states. It can be noted that
most of the experimental studies on lattice girder composite slabs have been carried out in
laboratories. On-site experimental studies can help to reveal the mechanical behavior of
slabs and develop engineering applications.
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In the past few years, numerical studies have been developed to achieve a better under-
standing of the mechanical behavior of precast concrete structures. To represent the global
behavior of precast structures, ranging from the bearing capacity, deformation, to seismic
properties, macro-level element models have been developed, in which fiber elements are
adopted to simulate the precast beams and columns [17–19] and layered shells are utilized
to simulate the precast slabs. Work published by Abdullah and Easterling [20] developed a
force equilibrium method to calculate the horizontal shear force-slip relationship in the FE
modeling of composite slabs. Tzaros et al. [21] applied nonconvex-nonsmooth optimiza-
tion to simulate the flexural behavior of composite slabs. Nevertheless, these macro-level
element models present some obstacles to the precise simulation of the latticed girder and
the contact between the precast and cast-in-place concrete. Ren et al. [22] proposed a 3D
FE model to model the nonlinear behavior of precast concrete bridge panels by using a
concrete damage plasticity constitutive model. Gholamhoseini et al. [23] generated a three-
dimensional (3D) solid FE model by ATENA, where interface elements were introduced
to represent the bonding between steel and concrete. Ríos et al. [24] put forward an effec-
tive FE model which reproduces the longitudinal shear behavior of composite slabs with
profiled sheeting. Ferrer et al. [25] built 3D non-linear FEM models of composite slabs to
represent the longitudinal slip mechanics in “pull-out” tests. Thanks to the development of
computational speed, 3D finite element modelling is a promising prospect for the numerical
analysis of precast concrete structures, due to its ability to describe complex connection
behavior in an elaborate manner.

In accordance with the aforementioned background, this paper aims at investigating
the safety of latticed girder composite slabs. Differing from previous laboratory experi-
ments, we apply on-site experimentation of latticed girder composite slabs to assess the
loads and response of the structure, such as resistance and deflection as well as the cracking
process in an actual structure. In order to thoroughly analysis the mechanical behavior of
the latticed girder composite slabs, a 3D finite element model of latticed girder composite
slabs is provided, with a particular emphasis on the bending behavior of the slab and dam-
age of the concrete. The proposed finite element model is validated by the experimental
results of several indexes, such as load–deflection curve, reinforcement strain, final crack
width, etc.

2. On-Site Experimental Study
2.1. Experimental Set Up

In this study, the location of the on-site experiment is in a 12-storey precast concrete
frame structure. The latticed girder composite slab is settled within the 2nd floor. According
to the layout of the frame structure, the size of the whole slab is 5.4 m × 9.2 m (measured
from the axis of beams). The size of each precast slab is chosen as 2.96 m × 5.12 m. As
depicted in Figure 2a, the precast bottom plank of the whole slab is composed of three
precast concrete lattice girder planks. For the precast plank, there is no additional steel
bar reaching out from the edge slab, so this type of plank will significantly simplify the
construction measures between each slab. As demonstrated in Figure 2a, the precast planks
are closely arranged, and the cast-in-place concrete makes the slab whole, only leaving
a tightly packed joint (monolithic joint) at the bottom of the precast plank. As is shown
in Figure 2a, the x direction is the short direction along the slab, namely parallel to the
monolithic joint direction, and the y direction is the long direction along the slab.

In this test, the thickness of precast bottom plank is chosen as 60 mm, and the thickness
of the cast-in-place top plank is 75 mm. The beams and columns are cast-in-place, where
the strength of the precast bottom plank and cast-in-place top plank are both C30, which
means that the characteristic compressive strength is 30 MPa. The steel bars are all made of
HRB400, which is the high strength reinforced bar (HRB) with a characteristic yield strength
400 MPa [26]. All of the steel bars were manufactured in Zhejiang hengyuan Steel CO. LTD. It
is emphasized that the design parameters, such as size, thickness, and reinforcement of the
slab, strictly followed the “Code for Design of Concrete Structures (GB50010-2010/2015) [26]”
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and the “Technical Specification for Application of Lattice Girder Slab (T/CECS 715–2020) [9]”.
The position of latticed girder in one precast bottom plank (PCB1) is given in Figure 2b. The
configuration of slab is illustrated in Figure 3. The longitudinal reinforcement within these
three precast bottom planks is C8 (HRB400 with diameter of 8 mm) at intervals of 150 mm
(C8@150) spacing in both the x and y directions, and the concrete cover to the reinforcement at
the plank bottom surface is 25 mm. The reinforcement in the cast-in-place concrete is C10@150
spacing in both the x and y directions. Reinforcement is settled near the support as C10 at
150 mm (C10@150). In order to further enhance the resistance of the slab near the monolithic
joint, additional reinforcement with C10@150 is located along the joint. The length of the
additional reinforcement is 1150 mm. A demonstrated in Figure 4, the connection between
the slab and beam should be strengthened. The additional reinforcement near the beam-slab
joint is chosen as 2C6 with a length of 970 mm.
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With regard to the adopted instrumentation, linear variable differential transformers
are applied to record the vertical displacement of the slab at the midspan. In order to
investigate the strain condition of different components in the lattice girder composite
slab, electrical resistance (ER) strain gauges were bonded to the longitudinal reinforcement,
latticed girder, and the concrete surface of the slab. Test data, including deflection and
strain, are collected by a static data collector. The measurement range of the static data
collector is ± 640,000 µε(10−6), and the measurement accuracy is ± 0.05%. The arrangement
of the measuring points is illustrated in Figure 5. As shown in Figure 5a, the position of
deflection measuring points are given in W1–W4b. It can be seen in Figure 5a that W2a
and W2b are symmetrically arranged. In the experiment, the deflection of W2 is calculated
as the mean value of W2a and W2b, the remaining deflection measuring points are the
same. The strain measuring points of the slab top surface are depicted in Figure 5b, where
C1 and C2 are the concrete strain measuring points and S3a, S3b, S4a, and S4b are the
reinforcement strain measuring points. The strain measuring points of the slab bottom
surface are depicted in Figure 5c, where C3a, C3b, C4a, and C4b are the concrete strain
measuring points and S1 and S2 are the reinforcement strain measuring points. Under
bending, the stress of the central area of the slab bottom surface is tension, while the stress
of top surface is compression. Since concrete is prone to crack under tension, the concrete
strain measuring points should avoid the central area of concrete bottom surface for the
accuracy of the test. The concrete strain measuring points C3a, C3b, C4a, and C4b are
settled near the beams.

The loading scheme is carried out with reference to the “Chinese Standard for Test-
ing Methods of Concrete Structures (GB/T 50152-2012) [27]”. The uniformly distributed
load of the structure is represented by pile loading of sandbags in Figure 6. When the
sandbags are piled up, they are distributed evenly in different zones to avoid arch effect
after floor deformation.

Since the safety of the structure is the priority in the on-site experiment, the distributed
load (including the weight of the slab and pile loading) applied to the slab should be care-
fully designed and calculated. According to the “Code for Design of Concrete Structures
(GB50010-2010/2015) [26]”, the load which corresponds to the serviceability limit state is
given as 6.6 kN/m2. Additionally, the load which corresponds to the bearing capacity limit
state is calculated as 12.8 kN/m2. In order to investigate the ultimate bearing capacity of the
composite slab in this experiment, the maximum value of the uniformly distributed load is
chosen as 19.2 kN/m2, which corresponds to 1.5 times the value of ultimate bearing capacity
of the slab. In this test, the slab and beams are cast-in-place together. The supports of the
slabs are considered as fixed. Therefore, the midspan bending moment can be calculated
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as 15.03 kN/m and the support bending moment as 12.83 kN/m of x direction under the
maximum value of the uniformly distributed load. The midspan bending moment and sup-
port bending moment can be calculated as 29.08 kN/m and 15.66 kN/m, correspondingly.
The weight of the slab is 3.375 kN/m2, and weight of each pile sandbag is 0.25 kN. Before
reaching the maximum distributed load (19.2 kN/m2), the loading procedure (including
the weight of the slab and pile loading) is applied in steps, and for each step the load is
1.0 kN/m2. It should be noted that for each loading step, 180 sandbags are evenly piled
onto the slab by a forklift. After each loading step, the load should be kept for 15 mins until
the measured stress, strain, and deflection are stable.
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2.2. Experimental Results

During the entire loading process of the slab, the crack development was carefully
observed and monitored, in which the first crack appeared in the midspan of the precast
bottom plank, extending along the y direction, when the slab was loaded to 13.4 kN/m2.
When loaded to 15.4 kN/m2, the existing cracks in the midspan of the precast bottom plank
gradually extended and passed through the monolithic joint. With a further increase of
load, the cracks in the precast bottom plank continued to increase, and gradually developed
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towards the direction of 45◦. It was also observed that some paralleled cracks developed
near the main crack. Finally, when the load reached 19.2 kN/m2, the maximum width of
the crack at the precast bottom plank was 0.16 mm, located in the middle of the span, and
the maximum width of the crack at the joint was 0.10 mm. The crack distribution at the
precast bottom plank is shown in Figure 7. It was observed that before the serviceability
limit state no obvious cracks were found. It was also indicated that the maximum crack
width did not exceed limit of the maximum crack width (0.2 mm) according to the Code
for Design of Concrete Structures (GB50010-2010/2015) [26].
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Figure 7. Cracking distribution at the precast bottom plank.

Before the distributed load of the composite plate reached 9.4 kN/m2, the deflection
increased linearly with the load. When the distributed load reached 10.4 kN/m2, the midspan
deflection of the slab reached 3.51 mm, and then the increase of the rate of deflection became
faster. Due to the concrete cracking process, there was an internal load redistribution and
stiffness degradation. When loaded to the ultimate state at 19.4 kN/m2, the midspan deflection
of the bottom slab reached 14.15 mm, which is about 1/360 of the span of the slab. However,
the deflection was far below the limit of the maximum deflection (1/50 of the span of the slab)
corresponding to the bearing capacity limit state [26]. It should be noted that the deflection
limit under serviceability limit state is 1/250 [26]. The deflection of lattice girder composite
slab is 2.4 mm (1/2122 of the span of the slab) under serviceability limit state, which is below
1/250. The load–deflection curve of the latticed girder composite slab is depicted in Figure 8.
In Figure 8, W1–W4 are the load–deflection curves obtained from deflection measuring points
W1–W4b in Figure 5a.

According to the strain gauges at bottom chord of the girder and the longitudinal
reinforcement in Figure 5, the strain distribution of the steel bars can be recorded in Figure
9a, where Sx is the maximum strain of reinforcement on the x direction and Sy is the
maximum strain of reinforcement on the y direction. It is also depicted in Figure 9a that εx
increases significantly faster than εy after the bearing capacity limit state at 12.8 kN/m2.
Figure 9b shows the load–strain curve of concrete at the bottom plank, where Cx is the
maximum strain of concrete on the x direction and Cy is the maximum strain of concrete
on the y direction. In general, the value of strain at the x direction εx is bigger than the
strain at the y direction εy in the whole loading process. However, both strain εx and εy of
the concrete increase rapidly after 10.4 kN/m2 and the difference between εx and εy is less
obvious when comparing with the strain of reinforcement.
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Figure 9. On-site experimental load–strain curves: (a) reinforcement; (b) concrete.

3. Numerical Simulation

In this study, a finite element (FE) model based on ABAQUS is established to investi-
gate the behavior of the latticed girder composite slab. The main components affecting the
behavior of latticed girder composite slab are the thickness of the precast and cast-in-place
slab, the set-up of latticed girder, and the material properties. In addition, to obtain accurate
results from the FE analysis, the contact between the precast slab and the cast-in-place slab
must be properly modeled [16,18,20]. Therefore, nonlinearities, such as contacts between
slabs and material properties, are considered in the FE models.

3.1. Material Properties

The von Mises criterion is chosen for the steel material modeling, where the option
(*PLASTIC) in ABAQUS is used in association with the plastic flow rule. In the PLASTIC
model of ABAQUS, the steel material behavior is initially elastic with Young’s modulus
Es, followed by strain hardening and then by the yielding criterion. In this numerical
simulation, the Young’s modulus of steel is chosen as Es = 2 × 105 MPa and the Poisson’s
ratio is υ = 0.3. The yield strength of steel is chosen as fy,r = 400MPa and the ultimate
strength is fst,r = 540 MPa. In the analysis of ABAQUS [28], the uniaxial behavior of the
steel can be automatically transformed into a multiaxial stress state.
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In this study, the concrete damage plastic (CDP) [28] model is used to represent the
mechanical properties of concrete. In the CDP model, the stiffness degradation which
can be represented by damage variables and coupled by constitutive relations, can be
decoupled from the plastic evolution equations. Two damage variables, namely tensile
damage and compressive damage, account for the different stiffness degradation states.
The constitutive equations for elastoplastic responses are established from the degradation
damage response. To control the evolution of the yield surface, the effective stress function
is applied, so that the material parameters can be conveniently calibrated.

As for uniaxial tension and compression [22], the following equation can be given

σt = (1 − dt)E0ε (1)

σc = (1 − dc)E0ε (2)

where dt is the tensile damage variable and dc is the compressive damage variable in CDP.
Under uniaxial compression, the damage law is chosen as [26]:

dc =

 1 − ρc β

β−1+xβ
c

xc ≤ 1

1 − ρc

αc(xc−1)2+xc
xc > 1

(3)

ρc =
fcr

E0εcr
(4)

β =
E0εcr

E0εcr − fcr
(5)

yc =
ε

εcr
(6)

where αc is the shape parameter of compression; E0 is the Young’s modulus; fcr is the
compressive strength; and εcr is the strain respective to the compressive strength fcr.

The tensile damage law can also be given as [26]:

dt =

{
1 − ρt

(
1.2 − 0.2y5

t
)

yt ≤ 1
1 − ρt

αt(yt−1)1.7+yt
yt > 1 (7)

yt =
ε

εtr
(8)

ρt =
ftr

E0εtr
(9)

where αt is the shape parameter of tension; ftr is the tensile strength; and εtr is the strain
corresponding to the tensile strength ftr.

In this modeling, concrete material parameters are adopted as: E0 = 2.55 × 104 MPa;
fcr = 26.8 MPa; εcr = 1.64 × 10−3; αc = 1.36; ftr = 2.15 MPa; εtr = 1.02 × 10−4; and
αt = 1.48. In the CDP model of ABAQUS [28], the other material parameters are illustrated
Table 1, where fbr/ fcr is the ratio of biaxial compressive strength and compressive strength
of concrete; k is the ratio of tensile and compressive second stress invariant.

Table 1. Parameter value of the concrete damage plastic (CDP).

Dilation
Angle Eccentricity fbr/fcr k Viscosity

Parameter

30◦ 0.1 1.16 0.667 0.0005

The concrete is the modeled by eight-node solid FE (C3D8R) in ABAQUS. The re-
inforcement is modeled by the Truss Element in ABAQUS. To avoid numerical inaccu-
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racies, the shape of the C3D8R satisfies the limits and aspect ratio as recommended by
ABAQUS [28]. The mesh size of the composite plate was selected as 100 mm, the meshing
scheme is given in Figure 10. To model the loading process of the slab, the distributed load
is applied on the top surface of the slab. Considering that this test is an in-situ loading test,
the boundary condition of the composite plate is set as four-sided fixed support.
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In this FE model, there are two surfaces of interaction: (a) the precast concrete plank
and the cast-in-place concrete interface; (b) the contacts between the concrete and rein-
forcement, including the latticed girder and longitudinal reinforcement. To model (a), a
surface-to-surface contact is chosen, where normal behavior and tangential behavior were
considered. This default contact option consists of a hard contact pressure-over closure
relationship and is applied in the finite element modeling. Regarding the tangential direc-
tion, the penalty frictional formulation with a friction coefficient equal to 0.3 is employed.
As for (b), the fully coupled contact between reinforcement and concrete is adopted and
the embedded region in ABAQUS is used in the simulation.

3.2. Simulation Results

Figure 11 shows the maximum principal stress of the concrete and reinforcement
stress at the bottom of the slab, respectively. It can be seen that the overall structure shows
the stress characteristics of the two-way slab, and the reinforcement stress at the end
and mid-span of the slab is relatively large. The existence of the monolithic joint has no
obvious influence on the stress distribution of the composite slab. The monolithic joint can
implement effective force transmission, and the overall stress performance of the composite
slab is preferable.
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The midspan load–deflection curve of the composite slab shows the deformation de-
velopment under the load. Figure 12 demonstrates the comparison between the simulation
results and the test results of the load–deflection curve of the mid-span of the composite
slab. A detailed comparison between the numerical and experimental results is given in
Table 2. The maximum error of deflection is 15.9% in W2. These observations from Table 2
are in agreement with the experimental results that are given in Section 2.2, which testify
to the correctness and effectiveness of the proposed numerical model. In Figure 12, the
legend “Expt” means on-site experiment results, and the legend “FEM” means numerical
simulation results.
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Figure 12. Load–deflection curve of the on-site experiment and numerical simulation.

Table 2. Comparison of numerical simulation and on-site experimental value of load–deflection curve.

Deflection/(mm) W1 W2 W3 W4

On-site experiment 10.70 5.92 8.40 7.43
Numerical simulation 12.11 6.86 9.19 6.66

Error 13.2% 15.9% 9.4% −10.4%

3.3. Pragmatic Crack Width Evaluation

Apart from the bearing capacity and deformation of the concrete structure, the investi-
gations of concrete cracking, including crack spacing and crack width, are also important in
the numerical simulations of concrete structures. To estimate the crack spacing and the crack
width of simple concrete components, empirical equations have been proposed in some de-
sign codes such as in the Code for Design of Concrete Structures (GB50010-2010/2015) [26].
When it comes to reinforced concrete structures with complex reinforcement and loading
statuses, the estimations of crack spacing and crack width should rely on numerical meth-
ods. In the past decades, several advanced numerical models had been put forward to
simulate the cracking process of concrete, ranging from cohesive elements [29,30], element-
free methods [31–33], to extended finite element method (XFEM) [34,35]. Admittedly, these
numerical methods provided relatively accurate ways to simulate and evaluate the cracks
of concrete. However, for the finite element modeling of real structures, which usually
contain huge amounts of elements, the aforementioned numerical methods might bring
undesirable computational costs. Therefore, a pragmatic prediction of crack path and crack
width of reinforced concrete structures based on the continuum damage-plasticity model
has been established.
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It is widely accepted that concrete exhibits hardly any plastic strain under tension [36].
Considering the occurrence of cracks in some elements of the finite element model under
tension, the strain ε can be decomposed into the elastic strain εe and the strain ε f brought
by cracking as:

ε = εe + ε f (10)

Taking the tensile stress state equation into consideration, the strain can also be
written as:

εe = (1 − dt)ε (11)

The cracking strain can be expressed as:

ε f = dtε (12)

Introducing an additional displacement caused by the cracking [37]:

ω f = ε f lE = dtεlE (13)

lE = m1/nd
d (14)

In Equation (14), lE is the characteristic length. nd is the dimension of the unit, as for a
one-dimensional finite element, nd = 1; as for a two-dimensional finite element, nd = 2;
as for three-dimensional finite element, nd = 3. md is the measurement of the element
volume. We have two length scales, e.g., the length of the element size of the FE model and
the length of the crack-band determined by the micro-mechanical analysis [38]. In the FE
simulation, the lE can be chosen as the length of the representative finite element length. If
a 3D element is used in the modeling, md is the volume of the finite element, where nd = 3.
If a 2D element (plane element) is used in the modeling, md is the area of the finite element,
where nd = 2. If a 1D element (truss element or beam element) is used in the modeling,
md is the length of the finite element, where nd = 1. However, several different element
sizes are adopted in the structural modeling. It is suggested by Ren et al. [37,39,40] that for
different element sizes, lE should be calculated separately.

Observing Equations (13) and (14), if only one crack is included in an element, the
width of the crack can be obtained according to Equation (14). For the analysis of concrete
structure, it is reasonable to assume that only one crack is allowed in a unit when a refined
mesh is adopted. Equally, it can be said that in the finite element modeling of the structure,
the crack width can be pragmatically evaluated by Equations (13) and (14), rather than
introducing more sophisticated methods, including the XFEM and cohesive element. It
should be noted that that the concrete compressive damage deduced is not only related to
fractures, but also to plasticity mechanisms. In concrete structures, the most concerning
concrete cracking occurrences in practical engineering are mainly governed by the tensile
stress state [36].

In the present numerical study, the tensile damage state can be given by ABAQUS,
and the corresponding crack width can be calculated. In Figure 13b, the final cracks of the
concrete bottom slab are also represented by the contours of tensile damage (DAMAGET
in the legends). Accordingly, the strain of concrete (E11 in the legends) is illustrated in
Figure 13b. The simulated patterns of the cracks agree well with the experiment in Figure 7,
in which the slab experiences a typical two-way slab cracking pattern.

In this simulation, a regular size mesh is chosen as md = (100 mm)3 = 1 × 106 mm3

and nd = 3. Thus, the characteristic length is:

lE = m1/nd
d = (1 × 106)

1/3
= 100 mm (15)
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Taking maximum value strain and the corresponding tensile damage value into
Equation (13), it yields:

ω f = dtεlE = 0.95 × 1.94 × 10−3 × 100 = 0.186 mm (16)
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the span of the slab), which is far below the limit of the maximum deflection (1/50 of 
the span of the slab) corresponding to the bearing capacity limit state [26]. The safety 
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Figure 13. Damage contour and strain distribution of numerical simulation results: (a) Tensile damage
contour of bottom plank; (b) strain distribution of bottom plank.

The maximum crack width of the concrete by proposed pragmatic evaluation is
0.2086 mm, which is located in the midspan, and the experimental maximum crack width
of concrete in the midspan of bottom plank is 0.16 mm. The difference of deflection
between these two values is 0.0486 mm, which indicates satisfactory agreement between
the numerical and experimental results.

4. Conclusions

This paper describes the on-site testing of a latticed girder composite slab to investigate
the mechanical behavior of the precast concrete floor system. A nonlinear FE model utilizing
ABAQUS software was established to investigate the behavior of the slab. The experimental
results are used for the validation of FE models. The crack width is evaluated by FE modelling.
The main conclusions are summarized below:

(1) As for the load–deflection curve, it shows linear and elastic parts until the onset of
cracking on the precast bottom plank. Then the stiffness of slab decreases and the
load–deflection curve displays some nonlinear behavior when cracks develop and
increase. The maximum midspan deflection of the bottom slab is 14.15 mm (1/360 of
the span of the slab), which is far below the limit of the maximum deflection (1/50 of
the span of the slab) corresponding to the bearing capacity limit state [26]. The safety
of lattice girder composite slab is verified by the test. The test data in this study can
be used to determine the load–deflection of the lattice girder composite slab that can
result in significant efficiencies for propping arrangements on site.

(2) No crack is shown under the serviceability limit state, which is under the limit of the
maximum crack width (0.2 mm) under the design code. The final cracks distribute
vertically to the monolithic joint in the center of the slab, while far away from the
center they reach to the four corners of the slabs along the direction of 45◦, which
illustrates typical behavior of a two-way slab.

(3) An FE model to simulate the latticed girder composite slabs is presented in this
study. The simulated maximum deflection of the midspan is 14.89 mm, and the
experimental maximum deflection is 14.15 mm. From the numerical analyses, it has
been demonstrated that the numerical model can successfully predict the composite
slab’s resistance capacity, load–deflection behavior, and the final cracking pattern of
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the on-site test. A pragmatic prediction method had been introduced to evaluate the
crack path and crack width of the slab based on the continuum damage-plasticity
model. It is verified that the predicted maximum crack width is relatively close to the
experimental results, providing a useful, yet simple tool for the failure analysis of
composite slabs.
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