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Abstract. Steel-concrete composite truss is characterized by such advantages: high stiffness, low height and construc-
tion costs. Moreover, it has promising application prospects. Since the interfacial load between concrete and steel is still
indeterminate, experimental research and finite element analysis were carried out on two samples in scale of 1:3 models
of composite truss joint models. A detailed account of the design philosophy, structural origin, loading procedure and
test items followed. Test results showed that under design load, the joints were at elastic stage all along. Joints cracking
load was twice as much as the design load. Their yield load was 3.2 times the design load and the ultimate load was 3.5
times the design load. The joints had a high safety factor which met the design requirements. The joints failing process
was that cracks appeared on concrete first, and the web members yielded soon after, leading to joint yield. Now that
both the concrete chord and the steel web members failed, there is no obvious increase in joint bearing capacity after
joint yield. But the joints underwent severe deformation and possessed good ductility. For this reason, the joints could
be applied in engineering practice.

Keywords: bridges, steel-concrete composite truss joint, ultimate bearing capacity, experimental research, finite element

analysis.

1. Introduction and objective

Steel-concrete composite truss is a new type of structure
developed in recent years. Since both the top and bottom
chords are made of concrete which were adopted in vari-
ous rail structures, consumption of steel in construction
decreases sharply. In the meanwhile, the structure stiffness
is stronger than that of steel truss girder. Furthermore,
steel structures are applied in web members only, result-
ing in low maintenance and construction costs. In view of
the above advantages, some researches have been carried
out on this bridge type, and applied in engineering prac-
tice. A series of composite truss girder bridges have been
constructed in France (Tanis 2003), Germany (Reis 2011),
Switzerland (Dauner et al. 1998) and Japan (Hirohisa et al.
2001; Koyama 2003).

The composite joint is one of the most important
parts for such a bridge structure. It is a key to develop a
new joint construction and understand the behaviors of
the joint. The joints should properly and effectively trans-
fer force between different materials. From the practical
perspective, there has been some experimental research on
the alternative of an effective joint, thus various joints have
been proposed and tested.

Udomworarat et al. (2000; 2002) studied the fatigue
performance and ultimate strength of welded steel tubular
joints. Sakai et al. (2004) conducted an experimental study
on the ultimate strength and fatigue strength of concre-
te filled and additionally the reinforced tubular K-joint of
truss girders. Toshio et al. (2004) proposed a new type of
joint that has the outer tubes welded to steel plates out-
side the steel trusses in the concrete slabs. Static loading
tests were carried out to verify the strengthening perfor-
mance. Kosuke et al. (2006) introduced various junction
structures and explained their features. Furthermore,
some experiments and analyses were carried out concer-
ning the design method of the new joint structures which
the authors devised. Sato et al. (2008) proposed two kinds
of joint structures with perfobond shear connectors and
welded headed studs. The loading test in half scale spe-
cimens of the joint structure has been carried out to cla-
rify the stress transfer mechanism of the joint structure.
Hino et al. (1985) performed bending tests on steel-PSC
beams and steel-reinforced concrete beams with three ty-
pes of mechanical joints: anchor bars, studs, and bolts.
Dunai (2004) investigated the behavior of end-plate-type
steel-to-concrete connections with bolts and studs under
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combined compressive axial forces and cyclic bending mo-
ments. The composite truss concept has been applied to
large-span bridges such as railway bridges. Experimental
researches have only been carried out (Kim et al. 2011; Ta-
kashi et al. 2002; Toshio et al. 2005; Xue et al. 2011) on
certain composite truss bridges.

In 2009, steel-concrete composite truss was used
in Xi’an-Pingliang Railway. Intensive research has been
carried out. The top chord joint at the composite truss
support bears the maximal unbalanced horizontal
thrust from the top concrete chord near the supports,
as shown in Fig. 1. The composite truss joint consists of
diagonal steel web members and concrete chords. How
to ensure that the shear is distributed between concrete
and steel plate remains the key technical problem.

This plan features the PBLconnectors (Valente,
Cruz 2004; Vianna et al. 2009) bearing the shearing
and bending moment. This innovative composite truss
structure was initially used in China, which needs expe-
rimental and numerical analysis to fully understand

Fig. 1. Steel structure of composite truss bridge

Fig. 2. Structure of joint

the safety and serviceability. Although some composi-
te truss bridges have been constructed, theoretical and
experimental researches are rare for this kind of joints
in bridges. Major shortcoming of these researches lies
in that no joint model test is carried out yet. 1:3 models
of joints are designed and tested at Central South Uni-
versity to evaluate working performance, failure modes
and ultimate bearing capacity of such joints.

2. Joint model

2.1. Introduction to prototype joint

Houhecun Bridge, Mawujing Bridge and Taiyu Bridge
on Xian-Pingliang Railway all have a same span of 80 m
adopting steel-concrete composite truss, as shown in
Fig. 1. The main truss is a triangle truss of 9 m in height
with no montant. The joint length is 10 m. For the top
chord, a rectangular cross section of steel concrete is
adopted which is 1.1 m in width and 1.2 m in height.
The bottom chord adopts a channel cross section with a
beam height of 1.5 m, and the beam end is 2.0 m thick.
In the longitudinal direction there is a fully prestressed
structure and in the lateral there is reinforced concrete
structure. Rectangular steel box of 550x650 (mm) is
used for web members with a wall thickness of 24 mm.

2.2. Joint model design

The end joint of top chord of composite truss (Fig. 1) bears
the max unbalanced horizontal load. Because the me-
chanical behavior and deformation of concrete and steel
are different, the mechanical behavior of joints becomes
quite complicated. In order to ensure that the joints have a
reasonable bearing capacity and a safe and reliable struc-
ture, a structure plan is proposed, as shown in Fig. 2. The
chord wraps up almost all the joint plate in its enlarged
cross section. Holes are drilled on the joint plate to assure
strength of the bond between the concrete and the plate.
Strengthened reinforcements run through the holes at the
end of joint plate to form PBL shear connectors which bear
the load transmitted from the chord. Web members are
welded onto both ends of the joint plate to bear tensile and
compressive loads.

Experimental research is carried out to better un-
derstand the ultimate bearing capacity and stiffness of
joints, the stress and its distribution on the interface
between steel and concrete, as well as the relationships
between load and stress, load and strain, and the deve-
lopment tendency of concrete cracks. This bridge has
to bear China Railway standard middle-live loading. In
regard to the structure of single-track composite truss
bridge, the max force is about 9000 kN. To meet the
requirements for testing devices, two 1:3 joint models
ZHJD-1 and ZHJD-2 are produced. The design load is
taken as 1000 kN. Web members and joint plates of the
specimens are made of steel Q345. The chord is made of
concrete C50 and reinforcement HRB335. Detailed joint
structure and its geometric size are shown in Fig. 3.
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3. Testing process

3.1. Test configuration and loading

The ground anchored groove and reaction wall system
in the Laboratory of Safety Science of Civil Engineering at
Central South University are adopted for loading purpose.
Joint specimen is installed onto the loading base on one
side of the reaction wall. One end of the 5000 kN jack is
set against the reaction wall while the other end is against
the concrete chord. Horizontal force is exercised on joint
specimen. In order to ensure axial movement of the speci-
men in loading process, vertical bracing and lateral pulley
device are provided on both ends of the chord. Loading
device of joint model is shown in Fig. 4.

Before test, preloading is adopted to make sure all
instruments work normally. When formal loading be-
gins, load control is used. When the load is between
0~~2 000 kN, its loading level is 400 kN. When the load is
between 2000 kN~3 000 kN, its loading level is 200 kN.
When the load is increased to above 3000 kN, the loading
level is 100 kN.

3.2. Test items

Strain and displacement data in this test are collected by
means of strain gauge and dialgauge as shown in Fig. 5.
Rectangular rosettes are provided on the concrete of the
chord, the joint plate and web members. Horizontal strain
gauges are arranged on other parts of the chord. Once
the load is increased by one loading level which lasts for
2 min, the static strain data acquisition instrument will
start to collect data. The displacement gauging points and
arrangement of strain gauges are completely the same for
the two specimens.

4. Mechanical properties of materials

Specimen chord in the test is made of commercial con-
crete with a grade of C50. China Railway Turnout Bridge
Inc. is entrusted to produce the steel structure of the speci-
men using Q345B steel. HRB335-grade reinforcements are
used to produce the specimen. Mechanical properties of
materials are shown in Table 1.

Table 1. Mechanical properties of materials

Modulus of Yield Ultimate
Member elasticity, strength, strength,
GPa MPa MPa
Chord 35.2 - 54
Joint plate 203 390 565
;‘;?ene“ion 206 375 535
Web member 205 380 540
D10 202 392.4 465.8
D16 198 397.1 540.1
025 199 451.4 620.2

Note: all values are the average values of testing samples.
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5. Test results

5.1. Description

When 1600 kN is loaded onto ZHJD-1, the strain and
the displacement grow evenly. The strain of each point is
smaller than the material yield strain. No concrete crack-
ing and steel buckling were found. In the process when the

Fig. 7. Buckling of ZHJD-1 compressive web member
P =3800 kN

Fig. 8. Distribution of cracks on ZHJD-2 concrete surface
P =3500 kN

load is increased to 2000 kN, cracks are seen on concrete
for the first time, mainly on the enlarged cross section, be-
tween two web members and at the sectional corner of the
compressive web member. Cracks develop in the direction
which has an included angle of 40 with the axial direction
of the chord. When the loading level grows, many new
cracks appear on the concrete surface in the same direc-
tion. The locations and development tendency of cracks
are the same on both sides. When the load is increased to
2800 kN, cracks appear on concrete at the sectional cor-
ner of the tensile web member, which join in the cracks on
concrete surface. When the load is increased to 3200 kN,
cracks on concrete surface develop horizontally towards
the loading end. When the load is between 3600 kN and
3700 kN, horizontal cracks develop very fast. At the same
time, two vertical cracks appear on free end of the chord
which run the length of the chord. Cracks on concrete sur-
face are shown in Fig. 6.

When the load is smaller than 3300 kN, strains of
gauging points on tensile and compressive web members
grow evenly, indicating that the web members are in elas-
tic stage. When the load keeps increasing, nothing abnor-
mal happens to the web members. But strains of the gau-
ging points grow fast, showing that the material begins to
yield. When the load is increased to 3800 kN, strains of the
gauging points grow even faster. Bulking and concaves are
observed on top of the compressive web member. The loa-
ding comes to a stop when the compressive web member
experiences severe deformation. The tensile web member
experiences no failure. Local buckling of the compressive
web member is shown in Fig. 7.

In ZHJD-2, before the load is increased to 3200 kN,
strains of gauging points on tensile and compressive web
members grow evenly, and the web members perform nor-
mally. When the load keeps increasing to 3500 kN, no fai-
lure is seen on both web members, but the strains of the
gauging points increase quickly, indicating that the web
members are in elasto-plastic stage. And the cracking in
the chord keeps on developing, shown in Fig. 8. When the
load is increased to between 3500 kN and 3600 kN strains
of the gauging points increase dramatically. Bulking and
concaves are found on steel plates on top of the compres-
sive web member. The steel plate in the inner side of the
lower part of the compressive web member experiences
tearing failure. It deforms severely. The loading comes to
a stop. No macroscopical failure are found seen on the ten-
sile web member. Local buckling of the compressive web
member is shown in Fig. 9.

From the above, the stiffness of the two joints chan-
ges evenly at the steel-concrete interface. No mutation is
found in stress distribution of steel-concrete interface, in-
dicating a good mechanical behavior of the faying face and
even transmission of the load. Steel and concrete experi-
ence small slips (both vertical and longitudinal). Failure of
the model is not under control of the interface. The joints
possess good shearing stiffness and strength. It is feasible
to connect the steel and the concrete with PBL shear con-
nectors in composite truss joints.
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5.2. Load-displacement curves

Fig. 10 indicates the respective load-horizontal displacement
curves of the free ends of chords ZHJD-1 and ZHJD-2. The
load-horizontal displacement curve of ZHJD-1 is quite
plump with no obvious turning point. Before the load is
increased to 3200 kN, displacement grows following load
increase. Though cracks appear at 2000 kN, no turning
point appear in the curve. The slope remains unchanged
at this moment, concrete cracking has so little influence
on joint stiffness. The joints undergo no stiffness degrada-
tion. When the load is increased to over 3200 kN, slope
of the curve decrease gradually until it becomes level.
Reasons are that the web member material starts to yield
at 3200 kN, leading first to severe deformation and then
stiffness degradation of both joints. It shows that web
members have great influence on mechanical properties
of joints. Joints deform severely after yielding, with good
ductility, but with no brittle failure.

The load-horizontal displacement curve of ZHJD-2
shows similar development tendency with that of ZHJD-1.
But the curve of ZHJD-2 is not plump because there is an
obvious turning point in it. Its ultimate failing load is 3500 kN,
which is lower than that of ZHJD-1, but with larger displace-
ment. On the whole, the bearing capacities of both joints are
greater than the design load of 1000 kN. With high safety fac-
tor and sufficient bearing capacity, the joints meet the design
requirements and will be applied in engineering practice.

Table 2 shows the characteristic loads of the two joints
obtained from their respective load-displacement curves,
which are then compared with the design load. The joints
have sufficient bearing capacities which meet the design
requirements. Their cracking loads are twice that of their
design load.

5.3. Load-strain curves

From the joint failure modes, the two specimens undergo
the same failures, which justifies the analysis of strain test
results of specimen ZHJD-2.

Fig. 11 shows the load-axial strain measured curves of
the gauging points of the concrete. When concrete of the
gauging points in the 1% column is under axial load, strains
at each gauging point are all compressive ones. Even though
the figures are a bit different at the early loading stage, the
differences are not significant at all. No crack is seen here. The
strains experience linear growth following load increase. The-
re is no obvious turning point in the curves.

Gauging points in the 2" column are at the enlarged
cross section where the concrete is close to the tensile web
member, under whose influence, gauging points C8 and
C9 experience tensile strain at the very beginning of loa-
ding. Before the load is increased to 2000 kN, the strain
sees linear growth. While under the influence of concre-
te cracking, the stiffness of the curve decreases a little,
but is still in linear growth. When the load is increased
to 3000 kN, cracks appear at the gauging points. The ten-
sile strain grows very fast, while slope of the curve drops
sharply. The measured tensile strain of the gauging points
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Fig. 10. Load-horizontal displacement curves of the free ends of
chords: a - ZHJD-1; b - ZHJD-2

Table 2. Joint test

Characteristic load

T}’I_“’ of "Crac- Ratio to Ratioto Ulti- Ratio to
joints  king  design load design mate  design
load, load, ? load, load, load,
kN kN kN kN kN kN
ZH]JD-1 2000 2.0 3300 3.3 3700 3.7
ZHJD-2 2000 2.0 3000 3.0 3500 3.5
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is far greater than the ultimate tensile strain of the concre-
te. Gauging points C5 and C6 are in compression on the
top of the chord. Being far from the joint, they are affected
little by concrete cracking. Slope of their curves changes
less than those of C8 and C9. When the tensile web mem-
ber yields, the curves turn sharply.

Gauging points in the 3™ column are at the center
of the enlarged cross section. At the early loading stage,
the strain is small. Following increase of the load, the
tensile stress of the concrete under the bending-shearing
function exceeds the ultimate tensile strength. At this mo-
ment, cracks appear on the concrete and the strain grows
rapidly. When the load is increased to 3200 kN, under the
influence of web member yield, the curve turns and the
strain keeps growing. Strain of gauging point C12 decre-
ases abruptly at the later loading stage, showing that the
cracks go beyond the strain gauge.

Gauging points in the 4% column are also at the en-
larged cross section. Most of the load is distributed to the
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Fig. 11. Concrete strain test results

web members through the joint plate. The strains of the-
se points are smaller than those of the gauging points in
previous three columns. From Fig. 11, small strains are in
linear growth. Under the influence of stress concentration
at the sectional corner of the compressive web member,
one of the gauging points undergoes tensile stress, which
develops very fast. When cracks go beyond this gauging
point the tensile stress increases quickly.

Fig. 12 shows the load-axial strain curves of the tensi-
le and compressive web members. At the early loading sta-
ge, load and strain are in linear relation. When the joints
are under load, the chord rotates a little. In addition to the
axial load, the web members have to bear part of the addi-
tional bending moment, therefore strains of each point
differ a little. But the difference is not big, showing that
additional bending moment is small, and the web mem-
bers bear mainly the axial tensile and compressive loads.
A turning point is on the strain curve of the tensile web
member joint when the load is 3300 kN, showing that
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this web member reaches its material yield strength. The
joint begins to yield, the curves change horizontally, and
the joint bearing capacity grows slowly. At the same time,
the strains increase quickly. The compressive web member
yields under a load of 3200 kN. The strain decreases qu-
ickly afterwards to nearly zero when loading stops. The re-
ason is that at the later loading stage, local buckling occurs
on the compressive web member. Its lower part is under
load, the steel plate at the sectional corner is torn. The two
gauging points are within the failing part.

5.4. Joint failure modes

According to the testing process, the concrete failures of
the two joints are almost the same: 40 diagonal cracks are
on concrete surface at the sectional corner of the chord.
Cracks at the chord axis stretch upwards till they become
level. While cracks under the joint extend downwards till
they arrive at the compressive web member. In the mean-
while, since the web members are of box beam cross sec-
tion, stress concentration appears at the corner. Cracks
are on the concrete nearby. They appear on concrete at
the compressive web member early than at the tensile web
member. Cracks nearby the compressive web member are
shorter and develop more slowly.

Macroscopical failure is not seen on the tensile web
member. Local buckling appears on the compressive web
member. Bulking and concaves are seen on the steel plates
nearby the concrete with so large an area that it is almost the
height of the web member. In addition, the steel plate insi-
de the bottom of the compressive web member of ZHJD-2
is torn.

There are three types of failures for joint plate joints,
i.e., diagonal cracking of concrete on the joint surfa-
ce, concrete cracking at the sectional corner of both web
members, and the buckling failure of the compressive web
member.

6. Finite element analysis

Finite element analysis software ANSYS is adopted for
analysis of the joints. The geometric size of the finite el-
ement model (FEM) is the same as that of the specimen
size. Elastic-plastic shell element SHELLS is used to simu-
late the support and the steel web member. Solid element
SOLID65 is used to simulate the concrete chord. Solid ele-
ment SOLID45 is used to simulate the joint plate and the
shear reinforcement. The 3 dimension bar element LINKS8
is used to simulate reinforcement in concrete. Willam-
Warnke five parameters failure criteria are adopted for
concrete. Material properties are determined according to
the properties test results. Suppose all materials are ideal
ones in conformance with Mises yield criterion, Newton-
Raphson iteration method is used to find out the solution.
At the same time, material non-linearity and geometrical
non-linearity are considered. Since the test results indicate
no failure through steel-to-concrete contact, the perfect
connection between concrete and joint plate was adopted
in the FEM, as shown in Fig. 13.
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Fig. 13. FEM and mesh



312 L. Zhou, G. He. Experimental Research on End Joint of Steel-Concrete Composite Truss

Fig. 14 presents Mises stress distribution (under a
load of 3500 kN) of the steel member. There is obvious
stress concentration at the corner inside the joint plate of
the tensile web member. The max stress exceeds the yield
stress of the material. Other than being buried in concrete,
the rest of the two web members are yielded, with a ma-
ximum stress of 386.2 MPa. The calculation results agree
with the test results.

Fig. 15 shows the measured and the calculated load-
displacement curves of the free end of the chord, from
which the finite element analysis results are in good agree-
ment with the measured results, except that the calcula-
ted yield point is a bit high. When at the yield point, the
load will not be increased and the joint stiffness will de-
crease till it is zero. Because it is related to the constitutive

Stress, MPa
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Fig. 14. Mises color stress cloud chart of steel member
P =3500 kN
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Fig. 15. Comparison of load-displacement curves of joints

relation of the materials, and no complete simulation is
achieved using finite element analysis method.

According to the test results and the finite element
analysis results, 1:3 model joint cracking load is 2000 kN,
which is twice the design load. Its yield load is 3200 kN,
which is 3.2 times the design load. The ultimate load is
3500 kN, 3.5 times the design load. High safety perfor-
mance is ensured. The developed FEM is used simulating
behavior of the joint.

7. Conclusions

Based on the three bridges on Xi'an-Pingliang Railway, a
new structure - steel-concrete composite truss structure
is proposed according to its construction characteristics.
Now that the interfacial load between steel and concrete
is complicated, experimental research and finite element
analysis are performed on joint plate joints. The following
conclusions are drawn:

1. According to the test results and the finite element
analysis results, it is safe for the joints to bear the load of
bridge. The cracking load is twice the design load. The
yield load is 3.2 times the design load. The ultimate load
is 3.5 times the design load. The joints enjoy high security
reserve and sufficient bearing capacity. The cracking load
is 57% of the ultimate load, while the yield load is 92%
of the ultimate load. The joints reach their ultimate value
soon after they yield, experiencing severe deformation and
possessing good ductility.

2. The finite element calculation values of the load-
horizontal displacement curves of the free end of the chord
are in good agreement with the measured values. Finite
element is used for analysis and calculation of the joints.

3. There are three types of failures for joint plate
joints, i.e., diagonal cracking of concrete on the enlarged
cross section of the chord joint, concrete cracking at the
sectional corner of both web members, and local buckling
on the top and bottom of compressive web members.

4. Cracks distribute mainly on the surface of the
chord joint, forming an included angle of 40 with the axial
direction of the chord. The joint plate is buried in concre-
te, with good mechanical behaviors and there is nothing
abnormal. Local buckling appears on the compressive web
member, leading to final failure of joints.
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