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Abstract: This study investigates the shear behavior of steel truss ceramsite concrete
composite interfaces through double-sided direct shear tests and finite element simulations.
The results reveal three distinct shear response phases: elastic deformation, plastic softening,
and full yielding. The interfacial shear capacity arises from synergistic contributions of
bond strength, friction, and truss reinforcement action. Comparative analysis of design
codes identifies Eurocode 2 as providing an optimal alignment with the experimental
data. An ABAQUS-based finite element model incorporating a cohesive spring composite
interface mechanism confirms the model’s reliability. The findings validate Eurocode 2
for ceramsite concrete interface design and propose single-row truss configurations as
economically efficient solutions for lightweight high-strength composite structures. The
research results are aimed at providing a theoretical basis for the design optimization
and code revision of ceramsite concrete composite structures, and promoting the wide
application of lightweight high-strength concrete in sustainable buildings.

Keywords: ceramsite concrete; composite interface; shear performance; double-sided shear
test; finite element simulation; steel truss reinforcement

1. Introduction

Concrete composite structures, which combine the high construction efficiency of pre-
fabricated components and the strong integrity of cast-in-place structures, have been widely
used in the fields of prefabricated buildings, bridge reinforcement, and existing structure
renovation. The composite interface, as the key part where new and old concrete work
together under load, directly determines the overall load-bearing capacity and durability
of the structure. However, due to the differences in material properties between new and
old concrete, changes in interface roughness, shrinkage and creep effects, and construction
processes, the composite interface is prone to becoming the weak link in the structure,
which may cause interface slippage, shear crack propagation, and even overall failure.
In recent years, with the promotion of lightweight high-strength ceramsite concrete, its
potential in reducing structural self-weight, improving seismic performance, and reducing
carbon emissions has attracted much attention [1-6]. Research on concrete composite struc-
tures has made significant progress. Various scholars have studied the bond-slip behavior,
shear—friction mechanisms, and the function of steel truss reinforcement at the composite
interface in depth [7-12]. Yet, despite enriching the theoretical basis, some issues remain.
First, the shear performance of ceramsite concrete composite interfaces, especially under
diverse conditions and reinforcement schemes, needs systematic investigation. Second,
the applicability of existing design codes to ceramsite concrete composite structures is
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unverified, hindering their practical use. Additionally, numerical simulation techniques
face challenges in modeling the complex mechanical behavior of composite interfaces,
requiring further development and model optimization. These gaps and challenges set the
context and direction for the present study.

The mechanical properties of the interface between new and old concrete, especially
the shear strength, have a crucial impact on the safety and durability of concrete struc-
tures. Many scholars have conducted in-depth research on this. Zhang, J. H. et al. [13],
Liu, J. et al. [14], Wu, E. et al. [15], Monserrat-Lopez et al. [16], Qian, P. et al. [17], and
Liu, C. et al. [18] focused on the bond-slip and shear—friction mechanisms of the interface
between new and old concrete, and established shear strength prediction models that
included the interface treatment method. They also analyzed the role of concrete strength
in the shear-bearing capacity. The results showed that increasing concrete strength could
significantly enhance the shear-bearing capacity. Peng, H. D. et al. [19], Vasiliki Palieraki
et al. [20], Hongbing Zhu et al. [21], Tian, ]. et al. [22], and Xia, J. et al. [23] investigated the
bond performance of new and old concrete under the condition of planted reinforcement,
and analyzed the influence of the interface reinforcement ratio and reinforcement yield
strength on the shear-bearing capacity. The results showed that planted reinforcement could
greatly improve the interface shear performance, and that the number and diameter of
planted reinforcement had a significant impact on the shear strength. He et al. [24], Espeche
et al. [25], Rashid et al. [26], Fan, J. et al. [27], Daneshvar, D. et al. [28], Bai, M. et al. [29],
and Qasim, M.et al. [30] studied the influence of different interface roughness and inter-
face agent types on the interface shear strength, and found that an increase in interface
roughness could significantly improve the shear strength.

In addition, Hongbing Zhu et al. [21] and Zhu, H. et al. [31] used full-light cer-
amsite concrete to repair ordinary concrete and tested its interface bonding properties.
Mo, K. H. et al. [32] proposed a model that could sufficiently predict the experimental bond
stress—slip curve of lightweight and ordinary concrete. Based on the surface roughness
parameter, Costa, H. et al. [33] proposed expressions for predicting the cohesion and fric-
tion coefficients of lightweight and ordinary concrete, providing a basis for more accurate
evaluation of interface performance. Cairovi¢, D. et al. [34] studied the interface shear per-
formance between lightweight concrete and ordinary concrete layers cast at different times.
Goldyn, M. et al. [35] pointed out that artificial chiseling was easy to cause the aggregate
of lightweight concrete to break, and suggested using non-destructive interface treatment
techniques such as high-pressure water jets. Zhuangcheng Fang et al. [36] and Martins,
R. et al. [37] studied the interface shear behavior of composite beams using lightweight
concrete, and found that the change in interface height had a significant impact on the
distribution of normal stress and shear stress. They proposed more accurate equations to
predict the interface shear strength of composite concrete beams. These studies provided
important references for the application of lightweight concrete.

In conclusion, the research on the mechanical properties of the interface between
new and old concrete not only focuses on its shear strength but also involves the impact
of different materials and repair processes, which provides important references for this
study. Despite the important progress made in the existing research, the following issues
still need to be resolved: (1) The bonding mechanism of ceramsite concrete interface is
different from that of ordinary concrete due to the porous characteristics of the aggregate,
and the applicability of the existing code formulas lacks systematic verification; (2) The
influence of the arrangement form of steel truss (such as the number and angle of web
members) on the interface shear stiffness and failure mode is not clear; (3) The simulation
accuracy of the bond—friction composite behavior at the interface in the finite element
model needs to be improved, and a refined modeling method of the interaction between
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ceramsite concrete and the reinforcement especially needs to be perfected. Based on this,
this study takes the composite interface of steel truss ceramsite concrete as the object,
and systematically analyzes the evolution law and failure characteristics of the interface
shear-bearing capacity by designing six groups of double-sided direct shear specimens with
different reinforcement ratios. The applicability of the European code [38], ACI 318 [39],
CSA A23.3 [40], and Chinese code [41] is assessed by comparing their predicted results.
Furthermore, an ABAQUS finite element model is established, and the interface bond-slip
behavior is simulated using the cohesive spring composite model to verify the consistency
of the numerical simulation and the test results. The research results are aim to provide
a theoretical basis for the design optimization and code revision of ceramsite concrete
composite structures, and to promote the wide application of lightweight high-strength
concrete in sustainable buildings. This study’s flowchart is shown in Figure 1.
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Figure 1. Flowchart.

2. Experimental Overview
2.1. Specimen Design

As shown in Figure 2, two identical ceramsite concrete precast slabs were symmetri-
cally placed vertically to form side molds, and then the ceramsite concrete was cast in situ
in the middle. The upper and lower chord reinforcements were HRB400 steel bars with a
diameter of 8 mm, and the web reinforcements were HPB300 steel bars with a diameter
of 6 mm. The specimen consisted of two composite interfaces, and direct shear tests were
conducted by applying loads to the cast-in-place composite layer. Table 1 provides the
dimensional parameters of all specimens, where m represents the number of rows of the
reinforcement truss. To investigate the effect of the reinforcement truss on the shear-bearing
capacity of ceramsite concrete composite slabs, the number of rows was set to 0, 1, and 2,
respectively. This selection of reinforcement ratios allows for a systematic examination of
the impact of truss reinforcement on the shear behavior, ranging from an un-reinforced
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baseline to an increasingly reinforced configurations. The physical meanings of the other
parameters are shown in Figure 2. Figure 3 illustrates the binding conditions of the rein-
forcement truss before casting the precast slabs and the roughness conditions before casting
the composite slabs. The roughness values are shown in Table 2, where Roughness 1 and
Roughness 2 represent the roughness of the two composite interfaces, respectively, meeting
the requirements of current standards [42].

bottom chord reinforcement bar

top chord reinforcement bar

web reinforcement bar
o — At
|

A==

|

web reinforcement bar top chord reinforcement bar

) _-%
N N

AN
bottom chord reinforcement bar

Figure 2. Specimen dimensional parameters.

Table 1. Dimensional parameters of specimens for shear capacity of composite interfaces.

Specimen Specimen Dimensions Truss Reinforcement lglumil:sr I(l)f Specimen IDs
a/mm b/mm odmm d/mm xmm S/mm L/mm H/mm m pecimens
TH1 350 350 300 60 70 115 90 70 0 1 TH1-1
TH2 350 350 300 60 70 115 90 70 1 2 TH2-1, TH2-2
TH3 35 350 300 60 70 115 90 70 2 3 TH L 52

(a) Before casting the precast slab (b) Before casting the TH1 composite layer

Figure 3. Cont.
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(c) Before casting the TH2 composite layer (d) Before casting the TH3 composite layer

Figure 3. Arrangement of reinforcement truss and surface roughness conditions.

Table 2. Measured roughness values of ceramsite concrete composite interfaces.

Specimen ID Roughness 1 Roughness 2
TH1-1 2.46 2.88
TH2-1 2.76 2.83
TH2-2 2.36 2.68
TH3-1 2.8 2.6
TH3-2 2.54 2.74
TH3-3 2.73 2.49

2.2. Loading Scheme

The experiments were conducted using a 100-ton universal testing machine in the
structural laboratory of Hunan City University, with geometric and physical alignments
performed before the loading tests. As shown in Figure 4, the shear capacity tests of the
composite interfaces were carried out by placing the precast slabs on both sides of the
specimen on supports. A distribution plate was used to apply the actuator’s force relatively
uniformly on the post-cast composite layer to prevent local bearing failure. As illustrated
in Figure 4b, four displacement measurement points were symmetrically arranged on the
front and back of the post-cast composite layer.

loading actuator

distribution board

precast slab

post-cast slab

7.

(a) Loading schematic diagram

Figure 4. Cont.
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(b) Displacement gauge arrangement diagram

Figure 4. Schematic diagram of shear test on composite interfaces.

3. Results and Analysis
3.1. Experimental Phenomena and Failure Characteristics

The experimental results show that all specimens failed in a brittle manner, and their
failure modes were basically consistent. Taking specimen TH3-2 as an example, from the
beginning of loading until failure, there were no obvious signs of damage. When the
load reached the ultimate load of 571.9 kN (the shear force on the composite interface
was 571.9 kN/2 = 285.95 kN), the specimen suddenly emitted a dull sound, and a full-
length vertical crack appeared on both sides of the composite interface. Thereafter, the
load rapidly decreased, the displacement continued to increase, and the specimen lost its
bearing capacity.

During loading, shear stress was generated within the loading plane of the specimen,
and its direction was parallel to the loading direction. Concrete is a composite material
composed of porous, multiphase substances with cracks, and there are potential internal
defects in its structure. The failure of the concrete structure begins with the initiation
of cracking due to high stress concentration around these potential microcracks under
load. After a relatively stable crack development process, it expands into unstable cracks,
eventually leading to complete failure of the concrete structure. As shown in Figure 5,
the SEM characterization of the ceramsite concrete specimen after failure clearly reveals
that concrete is a porous and multiphase material. Crack propagation predominantly
occurs at pores or interfaces. When the shear stress reaches the ultimate failure value, the
specimen is sheared into two halves. The failure mechanism of the composite concrete
bonded specimens is basically the same as that of monolithically cast concrete, except
that the internal potential defects are more severe and the internal stress is more complex.
Therefore, the mechanical properties of composite concrete bonded specimens are lower
than those of monolithically cast concrete. The main failure mode of each specimen is the
relative slip between the new and old concrete on both sides of the composite interface,
and cracks appear along the shear direction on the composite interface.

The mechanical behavior of the reinforced truss ceramsite concrete composite interface
can be divided into three stages:

First Stage: In the early stage of loading, before cracks appear on the composite
interface between new and old concrete and within the concrete itself, the interface slip only
involves the shear deformation of the interface concrete. At this time, the stiffness of the
interface is large, so the slip between interfaces is very small, which is also reflected in the
experiment—the collected data show that the maximum displacement at ultimate bearing
capacity is only 0.15 mm. As the load continues to increase, since the load is applied to
the new concrete, due to the combined action of compression and shear, the new concrete
transfers the shear force at the interface to the old concrete through the truss reinforcement.
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The concentrated force of the truss reinforcement acting on the new concrete is transmitted
to the interface between new and old concrete in the form of an oblique compressive
stress flow, so inclined cracks will appear in the new concrete. In the experiment, half of
the specimens’ post-cast composite layers exhibited inclined cracks developing from the
composite interface toward the loading center.

g Det ETD-SE HV 10kV WD 6.30mm MAG x501 SEM5000 Y Det ETD-SE WD 20.68mm MAG x500 SEMS5000
4= HEW 0.26mm F-20um—| % HEW 0.26mm I~20um—|

Figure 5. SEM characterization of ceramsite concrete.

Second Stage: As the load continues to increase to the ultimate bearing capacity,
the stress state of the composite concrete reaches the interface’s stress failure plane and
fails. Part of the stress at the interface of the new concrete is released and borne by the
web reinforcements of the truss and the upper and lower chord reinforcements passing
through the inclined cracks. The reinforcements transition from the elastic stage to the
plastic stage, and the composite concretes gradually separate. Because the shear stiffness
of the reinforcements is relatively small, there will be a certain amount of slip from the
load-bearing stage to the reinforcement yielding stage. Thereafter, the reinforcements enter
the yielding stage, and the load maintains a constant value without further increase.

Third Stage: The load remains constant while the slip between the composite inter-
faces continues to increase. All web reinforcements enter the yielding stage, rigid body
motion occurs between the composite concretes, and the interface completely enters the
plastic stage.

The three-phase shear behavior (elastic deformation, plastic softening, and full yield-
ing) identified in this study has critical implications for real-world construction practices.
For instance:

Elastic Phase: In prefabricated building systems, the elastic phase corresponds to the
serviceability limit state where composite interfaces must maintain minimal slip under
routine loads (e.g., wind or live loads). Ensuring adequate interfacial stiffness during this
phase is vital for structural integrity and occupant safety.

Plastic Softening: This phase may manifest in scenarios involving localized overload-
ing or fatigue (e.g., bridge deck retrofits). The gradual reduction in shear stiffness highlights
the need for redundancy in reinforcement design to prevent sudden failures.

Full Yielding: Structural retrofits in seismic zones must account for this phase, as
yielding of truss reinforcements could act as an energy-dissipation mechanism. However,
excessive slip at this stage may compromise post-earthquake reparability, necessitating
strict control of reinforcement ratios.

The failure modes of each specimen are shown in Figure 6; no cracks were found in
the precast slabs.
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(a) TH1-1 (b) TH2-1

(c) TH2-2 (d) TH3-1

(e) TH3-2 (f) TH3-3

Figure 6. Failure modes of specimens.

3.2. Analysis of Shear-Bearing Capacity

Figure 7 shows the variation in relative displacement between the precast slab and the
composite layer with the load. The experimental results indicate that the web reinforce-
ments of the reinforcement truss have a significant impact on the shear-bearing capacity
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of the composite interface. In the early stage of loading, the shear-bearing capacity is
mainly contributed by bonding force and friction. In the later stage of loading, the web
reinforcements play a role in resisting shear at the composite interface. When the shear-
bearing capacity of the composite interface is insufficient, relative slip cracks appear at the
interface, and the specimen loses its bearing capacity. Under similar roughness conditions,
the shear-bearing capacity of specimens without reinforcement is smaller than that of
specimens with reinforcement. Compared with specimens without truss reinforcement, the
shear-bearing capacity of specimens with a single row of reinforcement truss increased by
75.6%. Compared with specimens with a single row of reinforcement truss, those with a
double row showed a 13.2% increase in shear-bearing capacity.

——THI-1
100 - TH2-1
650 TH2-2
TH3-1
600 7 — TH3-2
5501 TH3-3
500
N 450 /
é 400
- 350 4
<
S 3004

200 + J
150 //
100/
50 W
0 T T T T T T T T T 1

0.0 01 02 03 04 05 06 07 08 0.9 1.0
displacement (mm)

Figure 7. Curves of relative interface displacement on both sides of the composite interface with
load variation.

The limited 13.2% increase in the shear capacity of double-row truss specimens com-
pared to single-row specimens can be attributed to several factors. Firstly, the stress
concentration effect is more pronounced in double-row truss specimens, which may exacer-
bate interfacial stress concentration and diminish shear stiffness. During loading, this stress
concentration can accelerate the propagation and penetration of interfacial cracks, thereby
reducing the shear stiffness. Secondly, the presence of double-row trusses may compromise
the uniformity of concrete pouring, leading to a decline in interfacial bonding quality and
the emergence of localized poor adhesion. Consequently, the overall shear performance is
weakened, restricting the improvement in shear capacity of double-row truss specimens.
Moreover, from the perspective of structural optimization, in the structural configuration
of this study, single-row trusses are usually sufficient to meet most bearing requirements.
When an extra row of trusses is added, the resulting effects may tend to saturate, failing to
significantly enhance.

It is generally considered that the shear-bearing capacity F of the interface between
new and old concrete includes the bonding force F., between interfaces, the friction force
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F,f between interfaces, the dowel action F; of shear reinforcement, and the component F,
of shear reinforcement in the direction of the composite interface [43], that is:

P:PchFPchFFdJFPv (1)

Since the dowel action is difficult to calculate, the calculation formulas in these codes
do not consider the dowel action.

Figure 8 illustrates the components of the tensile force F; in the web reinforcement
in various directions. From the figure, it can be seen that the calculation methods for its
component perpendicular to the composite interface F, and its component parallel to the
composite interface F, are as follows:

F, = Fsinf (2)

F, = F;cos Bcosy 3)

2H
VX2+52+4H?
VX2482 (4)
X?+52+4H?
_ S
COST = Uxersr

sinf =

cosf =

Post-cast slab

$\’L

precast slab

>
il
=

F A e e e
i
-
S

F, = Fsing AP

|‘

AV A s F,

\

A

"
Figure 8. Decomposition of internal forces in web reinforcement.

It can be seen that the spatial positioning of the web reinforcement has a certain impact
on the shear-bearing capacity of the composite interface.

Currently, the codes in Europe, the United States, Canada, and China all consider
the influence of reinforcement on the shear-bearing performance of concrete composite
interfaces. To accurately determine the shear-bearing capacity of the reinforced ceramsite
concrete interfaces, a comparative analysis of the applicability of shear capacity formulas
from various codes to ceramsite concrete composite interfaces is conducted below. To
facilitate comparison with the experimental results, the strength values in the calculation
formulas are all taken as standard values; that is, the material partial factors in the formulas
are all set to 1.0, and the units are unified as N, mm, and MPa.
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3.2.1. Eurocode 2

The European code [38] (hereinafter referred to as Eurocode 2) specifies the method
for calculating the shear stress vy at the interface between the new and old concrete as:

oR = Cfer + 0 + po fy(sing + cosp) ©)

where:

c—coefficient reflecting bond stress;

fet—axial tensile strength of concrete on both sides of the interface;

pu—friction coefficient;

pvr—reinforcement ratio of shear reinforcement at the composite interface;

fy—yield strength of shear reinforcement;

f—angle between web reinforcement and shear plane;

op—normal stress generated by the minimum interface normal force acting simultane-
ously with the interface shear force.

c and p are coefficients determined by the interface roughness, and their values are
related to the average roughness R,, as shown in Table 3. R, can be measured using the
sand-patch method; according to Table 3, the values of c and p are 0.7 and 0.45, respectively.

Table 3. Values of c and .

Ra Surface Description u c
Almost 0 Very smooth 0.5 0.025
<1.5 mm Smooth 0.6 0.350
>1.5 mm Rough 0.7 0.450

>3 mm Very rough 0.9 0.500

3.2.2. ACI 318-19

The American Concrete Institute’s standard [39] ignores the bonding force and the
normal stress generated by permanent actions, that is:

Vr = po fy(usinp + cosp) (6)

The friction coefficient p is determined based on the roughness of the interface, and
when lightweight concrete is used, the friction coefficient needs to be reduced; see Table 4.

Table 4. Values of friction coefficient .

Condition Interface Condition "

Concrete cast on clean,
1 laitance-free hardened
concrete with full amplitude
roughness of 1/4 inch or more
Concrete cast on clean,
5 laitance-free hardened
concrete not intentionally
roughened

1.0A1

0.6A

Note: Al is the factor considering the effect of lightweight aggregate on concrete performance. For normal-weight
concrete, A = 1.0; for lightweight concrete, A = 0.75.

3.2.3. C5A A23.3-04

The Canadian Standards Association’s standard [40] (CSA A23.3-04) considers the
bonding force and the normal stress generated by permanent actions, that is:

vR = A(ve + po) + po fy cos B (7)
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where A has the same meaning and value as in the American code, and v, is the bonding
stress; 0 = py fy sina + 0y,.
The values of A and p depend on the surface roughness, according to Table 5.

Table 5. Values of A and p.

Condition Interface Condition i

Concrete cast on clean,
1 laitance-free hardened 1.0
concrete with surface ’
roughness of 5 mm or more
Concrete cast on clean,
laitance-free hardened
concrete not intentionally
roughened

0.6

3.2.4. GB 50010-2010

GB 50010-2010 “Code for Design of Concrete Structures” [41] provides corresponding
provisions for the shear-bearing capacity of composite interfaces in composite beams and
slabs. When the composite beam meets all structural requirements, the shear-bearing
capacity of the composite interface satisfies:

b—%o < 1.2f; +0.85f,00 8)
where Q is the shear force of the member; b is the width of the cross-section; hy is the
effective depth of the cross-section; and f; is the design value of the tensile strength of
concrete, taking the lower value between the composite layer and the precast concrete.

Table 6 presents the ultimate shear-bearing capacity and corresponding shear stress of
the specimen—composite interfaces.

Table 6. Shear test results of specimen—composite interfaces.

Specimen Number Ayc/m? Al,f/mmz Po=AyflAyc/1073  Vu/KN VRr/MPa
TH1-1 0.1225 0 0 121.9 0.995
TH2-1 0.1225 113 0.92 219.6 1.793
TH2-2 0.1225 113 0.92 208.4 1.701
TH3-1 0.1225 226 1.84 202.7 1.655
TH3-2 0.1225 226 1.84 285.9 2.334
TH3-3 0.1225 226 1.84 238.4 1.946

Dividing both sides of Equation (1) by Ay, and ignoring the dowel action, the shear
stress in various regional codes can be uniformly expressed as:

UR = Ucv + Ocf + vy )

where v, is the shear stress component provided by bonding force; v, ¢ is the shear stress
component provided by friction force; and v, is the shear stress component provided by
shear reinforcement.

Using Equations (2) and (3), and F.y = pF,, the shear stress components corresponding
to each calculation formula can be obtained, as shown in Table 7. Since the Chinese code’s
calculation formula is applicable to composite beams with stirrups (perpendicular to the
composite interface), the friction force is multiplied by sin 8 to consider the inclined web
reinforcement. According to the material test results and reinforcement specifications,
fet =215 MPa, f, = 270 MPa, sin B = 0.745, cos = 0.667, cos y = 0.868.



Buildings 2025, 15, 981

13 of 19
Table 7. Calculation formulas for shear stress on composite interfaces.
Regulation Vv Vet Uy
Eurocode 2 0.45f.+ 0.70y +0.7py fy sin B Ov fy cos B cosy
ACI318-14 0 0.45py fy sin B Ov fy cos cos y
CSA23.3-04 0.1875 0.450y, + 0.450, f, sin 8 Ov f: cos cosy
GB50010-2010 1.2ft 0.850v fy sin B 0

The theoretical calculation results obtained from Table 7 are listed in Table 8 (0;, = 0).

Table 8. Shear stress vg (MPa) obtained by different formulas.

Specimen Number Test Value Eurocode2 ACI318-14 CSA23.3-04 GB50010-2010

TH1-1 0.995 0.968 0 0.188 2.58

TH2-1 1.793 1.241 0.227 0.415 2.737
TH2-2 1.701 1.241 0.227 0.415 2.737
TH3-1 1.655 1.515 0.454 0.642 2.895
TH3-2 2.334 1.515 0.454 0.642 2.895
TH3-3 1.946 1.515 0.454 0.642 2.895

It can be seen that there are significant differences in the ultimate shear-bearing
capacity of ceramsite concrete interfaces obtained from different regional codes. The results
calculated using the European code are the closest to the experimental results. The shear-
bearing capacity of reinforced truss ceramsite concrete composite interfaces follows a
pattern similar to that of ordinary concrete.

3.3. Shear Stiffness Analysis

The average shear stress and shear stiffness of the interface can be calculated according
to Equation (10) [37].

F
T=7
4 10)
_A (
K=12¢
In the formula:
F—Shear force acting on the interface (N)
A—Interface area (mm?)
K—Interface shear stiffness (MPa/mm)
At—Difference in shear stress on the interface (MPa)
As—Difference in interface slip (mm)
The shear stiffness of each specimen in the elastic stage is shown in Table 9.
Table 9. Shear stiffness of different specimens.
Specimen Number Maximum Shear Stress Vg(MPa) Shear Stiffness K (MPa/mm)
TH1-1 0.995 16.36
TH2-1 1.793 22.37
TH2-2 1.701 30.92
TH3-1 1.655 13.60
TH3-2 2.334 15.52
TH3-3 1.946 12.79

In the experiment, the shear stiffness of specimens with two rows of reinforcement
trusses was lower than that of specimens without reinforcement trusses, and the specimens
without reinforcement trusses were lower than those with only one row of reinforcement
trusses. This phenomenon may be due to the increased number of trusses leading to more
significant stress concentration at the interface, thereby reducing the shear stiffness. The
two rows of reinforcement trusses may guide the concentrated development of cracks
during loading, causing the cracks to penetrate faster, leading to a decrease in shear
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stiffness. Additionally, the dense arrangement of trusses may affect the uniformity of
concrete pouring, leading to decreased interface bonding quality and the appearance of
local poor bonding areas, thus weakening the overall shear performance. In contrast, in
specimens with only one row of reinforcement trusses, concrete vibration and pouring are
more adequate, resulting in relatively better bonding quality and thereby improving the
shear stiffness.

4. Finite Element Simulation
4.1. Finite Element Model

To clarify the mechanical characteristics of the reinforced truss ceramsite concrete com-
posite interface, the ABAQUS 2024 finite element software was used to perform numerical
analysis on the stress and deformation performance of the tested specimens. The model
simulates using double-sided direct shear specimens, with dimensions identical to the
experimental specimens. The model parameters are the same as those of the experimen-
tal specimens.

4.2. Load, Interaction, and Parameter Selection

To facilitate the convergence of the finite element model, displacement loading was
used. The top loading steel plate was coupled to a predefined reference point, and the verti-
cal displacement (using displacement loading) was directly applied to this reference point.
According to the experimental conditions, the translational and rotational displacements
in the X, Y, and Z directions of the bottom steel plate of the model were constrained, and
the displacements in the X and Z directions of the top reference point were constrained.
Concrete was modeled using three-dimensional solid elements C3D8R, and reinforcement
bars were modeled using truss elements. The mesh size for the new concrete was 30 mm
and for the old concrete 35 mm, and the mesh size for the upper and lower chord reinforce-
ments was 10 mm and for the web reinforcements 2 mm. The upper and lower pads were
set to be tied to the specimen through a tie connection. Reinforcement bars and concrete
were fully bonded, using embedded region constraints. The finite element analysis model
is shown in Figure 9.

Figure 9. Finite element analysis model.

4.3. Composite Interface Bond-Slip Model

Through extensive experimental research, many calculation formulas for the shear
strength of concrete composite interfaces have been developed. Generally, the shear
strength of concrete composite interfaces consists of three parts: the bonding force and
friction force between interfaces, the stress generated by the normal stress acting on the
interface, and the shear strength provided by reinforcement passing through the compos-
ite interface.

The ABAQUS software provides three basic models that can be used to simulate the
interface bond-slip behavior of composite concrete, namely the Coulomb friction model,
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the spring model, and the cohesive model. These basic models can also be combined to
form new composite models, such as the cohesive friction model, spring friction model, etc.
Based on the characteristics of various interface models in ABAQUS software, this study
adopts the cohesive spring composite model. Under shear loading, the initial slip value at
the interface between new and old concrete is very small, mainly relying on the cohesion
between new and old concrete. At this time, the shear resistance of the model mainly comes
from the bilinear cohesive model, and the spring model hardly works. As the interface
slip increases, damage occurs in the cohesive model, corresponding to the weakening of
the cohesion between new and old concrete. The shear friction effect corresponding to the
spring model begins to generate shear stress as the main shear-bearing model. When the
cohesive model completely fails, the spring model works alone.

4.4. Analysis and Comparison of Experimental and Finite Element Calculation Results

All specimens failed in a brittle manner. From the beginning of loading to before fail-
ure, there were no obvious signs of damage. When the load reached the ultimate load, the
specimen suddenly emitted a dull sound, and a continuous vertical crack appeared on both
sides of the composite interface, resulting in complete separation of the interface. Therefore,
this test mainly verifies its ultimate shear-bearing capacity. As shown in Figure 10, the com-
parison between the experimental results and numerical analysis of the load-displacement
curves at the interface between new and old concrete in the reinforced truss ceramsite
concrete specimens is presented. The experimental results agree well with the simulation
results, indicating that the cohesive spring composite model has good applicability for the
shear performance of reinforced truss ceramsite concrete composite interfaces.

From Figure 10, it can be seen that the shear—relative displacement curves of the five
specimens with truss reinforcement are significantly different from the basic specimen,
and the curves exhibit three stages. Comparing the five specimens, the stiffness in the
first-stage linear elastic segment is slightly less than the experimental values, mainly
because the shear displacement is extremely small before the interface cracks, and due to
the limitations of experimental sensor accuracy, the stiffness of the experimental linear
elastic segment is mostly infinite. The second stage is the plastic softening segment. There
is no obvious softening segment in the experimental curves of the specimens, mainly
because the development time of interface cracks is short, and the sampling frequency
of experimental data is limited. There may be some data that were not collected in time,
failing to capture the displacement changes promptly. The simulated ultimate bearing
capacities of the five groups of reinforced truss ceramsite concrete composite slabs are
92.7%, 94.8%, 109.7%, 84.4%, and 94.8% of the experimental results, respectively. The finite
element model predicts the peak load effectively.

Figure 11 presents the typical Mises stress distribution of the specimen during initial
loading and at failure. It clearly shows that the maximum stress is always concentrated near
the interface, consistent with the experimental observations. Also, due to the presence of
truss reinforcement, higher stresses occur near the reinforcement and closer to the loading
end. During loading, as the load increases, the stress near the loading end grows and starts
to spread to areas further away from the loading end.
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Although the ABAQUS finite element model in this paper was verified by experi-
mental results, it still has certain limitations. For example, the current model assumes
uniform concrete properties, ignoring the porous nature of ceramsite aggregates and local
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voids observed in SEM images (Figure 5). It may also fail to fully capture the impact of

complex geometry and irregular roughness of new-to-old concrete interfaces on shear per-

formance. Moreover, the existing model may not adequately consider material nonlinear

behavior, temperature effects, and time-dependent characteristics under long-term loads in

construction processes. Future research can optimize these aspects.

5. Discussion

Shear capacity tests on composite interfaces were conducted on six ceramsite con-

crete composite slab specimens with different numbers of truss reinforcement rows and

reinforcement ratios. The research results indicate that:

)

@)

®)

@)

The shear behavior of ceramsite concrete composite interfaces can be divided into
three stages. The shear failure of the composite interface is brittle; before shear failure,
the stiffness is high with almost no slip, and the new and old ceramsite concrete can
be considered as an integral whole. After brittle failure of the composite interface,
the slip increases continuously while the shear-bearing capacity remains essentially
constant. When all the web reinforcements enter the yielding stage, rigid body motion
occurs between the new and old concrete, and the interface completely enters the
yielding stage.

The shear-bearing capacity of the interface is provided by the bonding force and
friction between interfaces and the reinforcement passing through the composite inter-
face. Under similar roughness conditions, specimens with higher reinforcement ratios
exhibit higher shear-bearing capacity. The shear-bearing capacity of specimens with a
single row of truss reinforcement increased by 75.6% compared to those without truss
reinforcement, indicating that truss reinforcement can effectively bear shear forces and
enhance the overall structural performance. Further comparison between specimens
with double rows and a single row of truss reinforcement shows only a 13.2% increase
in shear-bearing capacity. Although increasing the number of trusses enhances the
bearing capacity to some extent, the effect may become saturated under certain struc-
tural forms. Therefore, a single row of truss reinforcement can meet most bearing
requirements, and excessive truss design may not lead to proportional performance
improvement. Combined with the findings on shear stiffness, it can be inferred that
the optimal design of truss structures should consider the balance between bearing
capacity and stiffness to achieve more efficient material usage and structural safety.
In future research, exploring the impact of different truss arrangements and material
combinations on shear performance will be a direction worth pursuing.
Shear-bearing capacity calculations of ceramsite concrete composite slabs based on
existing code formulas show significant differences among the formulas. Theoret-
ical calculations indicate that the results from the European code align well with
experimental results. The shear-bearing capacity behavior of reinforced truss ceram-
site concrete composite interfaces is similar to that of ordinary concrete. This study
provides a theoretical foundation for the design optimization and code revision of
ceramsite concrete composite structures, thereby promoting the extensive application
of lightweight high-strength concrete in sustainable construction.

Nonlinear finite element modeling based on the shear stress mechanism of interface
reinforcement between new and old concrete was conducted. The cohesive spring
composite model effectively simulates the bonding performance of the ceramsite
concrete interface, and the numerical calculations of ultimate bearing capacity agree
well with experimental results, providing a reference for the design of ceramsite
concrete composite structures.
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