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Abstract: Premature damage in modular expansion joints, especially in control springs, has been observed in several long-span bridges,
which calls for an in-depth study on the damage mechanism. In this study, relative movements of lamellae at different locations of the expan-
sion joints were measured in bridge service condition. It is found that the movements of lamellae were nonuniform, and lamellae near the
approximately fixed end of the expansion joint showed much larger relative movements than center lamellae. As a result, control springs
underneath these lamellae presented more severe damage than the others. To simulate the behavior of the expansion joint, a finite-element
(FE) model was developed, through which the vertical load bearing, horizontal slide friction, and self-equivalence of lamella spacing were
modeled, and static and dynamic FE analyses were conducted to obtain the responses of control springs at different locations. Finally, four
control springs were tested in a laboratory, in which there was no damage under monotonic loading with shear deformation of 80 mm, whereas
under high-cycle loading, two damage patterns were observed, i.e., falling off of the metal head and shear cracking in the rubber cylinder. As
cyclic displacement amplitudes increased, the lives of control springs decreased significantly. DOI: 10.1061/(ASCE)BE.1943-
5592.0001255.© 2018 American Society of Civil Engineers.

Author keywords: Modular expansion joints; Long-span bridge; Control spring; Field measurement; Finite-element (FE) simulation;
Laboratory test.

Introduction

Expansion joints are commonly used on bridges to accommodate
movements resulting from thermal deformations, traffic vibrations,
and natural hazards. Effective functioning of expansion joints is not
only required for smooth traffic but also for ensuring bridge per-
formance in extreme events, such as earthquakes and hurricanes
(Chouw and Hao 2008). Therefore, it is important that these joints
work effectively and durably under a range of loading types and
conditions. However, expansion joints are dynamically loaded by
truck wheels crossing the joint, and their premature damage has
been widely noted, including anchorage pullout, bearing failure, de-
bris accumulation, joint overextension, and so forth (Baker
Engineering and Energy 2006). For long-span suspension and
cable-stayed bridges, finger joints (often with longitudinal move-
ments of 100–1,000 mm) and modular joints (with the movement
capacity of over 1,000 mm) are usually used. For modular joints
that are investigated in this study, the movements of lamella beams
can either be regulated through the rigid system, including the
swivel-joist or scissor control systems (Roeder 1998), or through
the elastic systems that use elastomeric springs to restore the

elements of the joint to their original positions though tensile/com-
pressive or shear deformations of the springs (Guo et al. 2016).
Because long-span bridges are relatively flexible and sensitive to
vibration (Feng and Feng 2016), the expansion joints have complex
stress and movement situations and are prone to damage, even in
service condition (Zhao and Roddis 2000; Sun and Zhang 2016;
Guo et al. 2015, 2016; Cao et al. 2011). Repair or replacement of
expansion joints is often costly and results in undesirable traffic
interruption.

During the last decades, there has been extensive analytical and
experimental research on expansion joints in which emphasis was
placed on the vertical static and dynamic responses of joints under
traffic loading as well as their structural integrity based on fatigue,
strength, and service requirements (Roeder 1998; Dexter et al.
2001; Crocetti and Edlund 2003; McCarthy et al. 2014; Ding et al.
2016). Based on these studies, guidance to improve the design of,
manufacture of, and installation of expansion joints has been given
in design and testing specifications (AASHTO 2012). However,
fewer studies have focused on the longitudinal behavior of expan-
sion joints under service loads when the joints have complex
horizontal working mechanisms, including slide friction, self-
equivalence of lamella spacing, movement restraints, and inher-
ent damping and stiffness (McCarthy et al. 2014). Among the lim-
ited investigations on horizontal performance of expansion joints,
Guo et al. (2016) conducted field monitoring and time and frequency
domain analyses of displacements at girder ends. They found that
the small but rapid girder displacements due to vehicle/wind loads
contributed mostly to the large cumulative displacements, resulting
in accelerated damage of control springs and wear of friction materi-
als as well as bridge bearings. In their study, global responses of the
joints rather than local response of individual components were
investigated; however, field investigation showed that the damage
was more severe at certain locations.

In this study, to obtain more in-depth knowledge of the damage
mechanism of individual components of expansion joints, especially
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for the damage of control springs, field displacement measure-
ments were conducted at different locations of the expansion
joints of a long-span suspension bridge in normal service condi-
tion. A finite-element (FE) model was developed to investigate
the static and dynamic movements of lamellae. Laboratory tests
on four control springs were further performed to verify the con-
clusions of field measurements and FE analyses, and to prelimi-
narily quantify the lives of control springs under various displace-
ment amplitudes.

Field Displacement Measurements

Bridge Description

The field measurements were conducted on the Runyang Suspension
Bridge (RSB), as shown in Fig. 1(a). The RSB has a main span of
1,490 m and was the longest suspension bridge in China and the
third longest in the world when it was open to traffic in 2005. The
bridge adopted aerodynamically shaped closed steel box-girders
in its main span and prestressed concrete (PSC) box-girders in its
side spans. In between the steel and PSC box-girders are four
modular expansion joints installed for two-way traffic, each with
a movement capacity of 2,160 mm, which were largest in the
world at that time. As shown in Fig. 1(b), the lamellae rest on and
slide along support bars through the upper slide springs, and they
are connected by stirrups through which the support bars pass.
Between stirrups and support bars are precompressed elastomeric
components, i.e., the lower sliding springs in Fig. 1(b). The sup-
port bars span between support bar boxes in the deck structures at
each side of the movement gap (MAGEBA 2008). The move-
ments of the lamellae relative to each other and along the support
bars are regulated through shear deformation of control springs
(also known as polymer equidistant devices).

Although the expansion joints were elaborately designed and
manufactured, premature damage was observed soon after the
bridge was open to traffic. Most often, damage in control springs
was seen, as shown in the soffit of the expansion joint in Fig. 1(c),
in which springs near the edge beams on the PSC box-girder side
seemed more vulnerable. Except for the small thermal deformation
of the PSC box-girder, this end of the expansion joint can be
regarded as approximately fixed. Typical damage patterns of
springs include falling off of the metal head and wear of rubber, as
shown in Fig. 2(a). Residual deformations in stirrups were also
observed, as shown in Fig. 2(b), which might be due to increased
friction force after the severe wear of sliding materials. Also, some
movement restraint belts, which allow the lamellae to have a maxi-
mum relative movement of 80 mm, were also damaged. Thus, the
replacement of damaged belts and installation of more belts were
conducted, as shown in Fig. 1(c). Every year, 100–200 control
springs were replaced and other expansion joint components
repaired, all of which were costly.

Field Measurements and Discussion

To reveal the damage mechanism of expansion joints in service
condition, field displacement measurements were conducted on the
north end, upstream side of the RSB on March 10, 2017. As shown
in Fig. 3(a), one measure point (i.e., P1) was installed underneath
the northernmost stirrup below the emergency lane to measure the
relative movements between the stirrup of edge lamella and the
PSC girder. P3 was installed to measure the relative movements
between stirrups of the first and third lamellae, and P5 was installed
to measure the relative movements between stirrups of the two cen-
ter lamellae. Similarly, three measure points (i.e., P2, P4, P6) were
installed underneath the stirrups between the center and slow lanes.
Displacements at the six measure points were measured using the
rod gauge with a measure range of 610 cm, as shown in Fig. 3(b).
Although these points were installed to measure the horizontal

Fig. 1. RSB and its expansion joints: (a) bridge profile; (b) configuration of a modular expansion joint; (c) soffit of the expansion joint (taken in
March 2017)
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displacements, they were probably influenced by vertical or tor-
sional deformations of expansion joints as heavy trucks passed. In
this regard, Points P1, P3, and P5 underneath the emergency lane
were more reliable than Points P2, P4, and P6 because generally no
trucks directly passed through the emergency lane during the mea-
surement. Another measure point P7 was installed at the bridge
pylon to measure the movements of the steel box-girder by using
the draw wire sensor, as shown in Fig. 3(a). All the displacement
data were collected at a rate of 20 Hz.

Fig. 4 shows the girder movement time history of Point P7, and
the original data show an S shape with a large number of burrs,

which was the result of the coupled action of daily temperature fluc-
tuation and vehicle/wind loads. To obtain the traffic/wind-induced
movements, a Butterworth filter (Butterworth 1930) was used
(Guo et al. 2015). As shown in Fig. 4, it is believed that the low-
pass data (with frequencies lower than 5� 10−5 Hz) were mainly
thermal movements, whereas the high-pass data (with frequencies
higher than 5� 10−5 Hz) were mostly induced by vehicle/wind
loads. According to Fig. 4, the vehicle/wind load-induced move-
ments are basically within 6150 mm, and these movements
should be properly accommodated through the lamellae of the
expansion joints.

Fig. 3. Layout of measure points: (a) plan view; (b) profile

Fig. 2. Field-observed damage: (a) damage in the control spring; (b) residual deformation of stirrups
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Fig. 5 further shows the movement time histories of measure
points P1–P6, respectively, in which the data are the high-pass
type and only results for 30 minutes are shown for clarity. There
were larger movements at P1 and P2 than at the other points, and
more small burrs could be observed in Fig. 5(b), which was due to the
local vibration of lamellae under passing tire loads. When a heavy
truck passed through the expansion joint, there was about a 5-cm ver-
tical local deformation in lamellae, resulting in some influence on the
measurement of horizontal movements. Generally, the movements at
P1 and P2 were synchronous, indicating that the lamella had certain
horizontal stiffness. For Points P5 and P6, the movements became
much smaller. The peak movements of Points P1–P6 were 30.1,
28.54, 23.0, 18.6, 15.3, and 5.8 mm, respectively. Therefore, move-
ments of these lamellae were nonuniform. Such a characteristic is
inconsistent with the field-observed damage distribution. During the
measurement, significant noises could be heard as the expansion
joints were moving, especially underneath the center lane near mea-
sure point P2, indicating that some damagemight exist in this region.

FE Simulation andMovement Analysis

FE Modeling

As shown in Fig. 6, the expansion joint is a complicated mechanical
system that has a double-load transfer mechanism. Vertically, the
wheel load is directly undertaken by the lamellae and then trans-
ferred to the support bar through the upper sliding springs; the sup-
port bar then transfers the vertical load to the sliding supports in
support bar boxes. Horizontally, when there is a movement D at the
girder end (i.e., thermal movements or vehicle-induced girder
movements), a series of friction forces fi would be generated on the
interfaces between the upper and lower sliding springs and the sup-
port bar, as shown in Fig. 6(b).

In this study, because the horizontal load is the main reason
for the field-observed damage, a FE model was developed using
the software ANSYS 10 (2005), as shown in Fig. 7, to simulate
the horizontal behavior of expansion joint. The lamellae, support
bars, and stirrups were all modeled using the three-dimensional
beam element (i.e., the BEAM188 element); the upper and lower
sliding springs and control springs were modeled using the

spring-damper element (i.e., the COMBIN14 element); and the fric-
tion between sliding springs and support bars was simulated using
the contact element (i.e., the CONTA175 element). All the structural
components were modeled according to their real dimensions,
whereas considering the height of support bars, BEAM188 elements
assigned with large stiffnesses (i.e., rigid beams) were used, con-
necting the support bar and the upper and lower sliding springs, as
shown in Fig. 7. The elastic modulus, Poisson’s ratio, and density of
steel were 2.05� 105 MPa, 0.25, and 7.8� 103 kg/m3, respectively.
According to the information provided by the manufacturer based
on laboratory tests, the vertical stiffnesses of the upper and lower
springs were 550 kN/mm and 6,000 N/mm, respectively, and the
friction coefficient of the sliding material was 0.007. The shear
stiffness of the control spring was about 100 N/mm, and the cross-
sectional area was 4,776mm2. To facilitate the FE modeling, the
control springs were modeled in tension/compression, and the lon-
gitudinal stiffness of the element was determined according to the
shear stiffness of the control springs.

Static Analysis of Movements in Expansion Joints

First, the responses of the expansion joint under static girder move-
ment (e.g., thermal deformation of steel girders) are investigated.
As shown in Fig. 8(a), the lamellae of the expansion joint are la-
beled from left to right as L0, L1,…, L27, respectively; accordingly,
the spacing between lamellae are labeled as d 1, d 2,…d 27, respec-
tively. Presuming that there was a girder movement of 100 mm at L0,
resulting in a compressive movement of the expansion joint, while
lamella L27 was fixed, the movements of the lamellae and stresses of
the control springs were calculated using the developed FE model, as
shown in Fig. 8. Fig. 8(b) shows that from L0 to L27 the movements
of lamellae decrease gradually, whereas the relative sliding distance
between the sliding springs and support bar increase. Also, the spac-
ing between lamellae is nonuniform. The original spacing of 40 mm,
and a rapid reduction in lamella spacing, are observed near the edge
lamellae at the fixed end (i.e., L27). Also, the number of springs in d 1

and d 27 (i.e., 10) are only half of those in other spacings (i.e., 20).
These two factors result in significantly larger shear stress in control
springs in d 27, which is the main reason for the field-observed dam-
age. As shown in Fig. 8(a), from L0 to L27 the total shear force of
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Fig. 4. Daily movement time histories of measure point P7
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springs at each lamella increases steadily, whereas for a single spring
in d 27, the maximum stress becomes 0.36MPa.

Dynamic Analysis of Movements in Expansion Joints

Similar to the static analysis, the dynamic girder movements
(obtained from measure point P7) were applied on the lamella L0 as
the input, and transient dynamic analysis (Guo et al. 2012) was con-
ducted. As shown in Fig. 9, the relative sliding time histories of L25
and L26 were calculated and compared with the measured girder
movements, in which the three time histories were synchronous,
whereas the peak values of L25 and L26 were slightly smaller than
those of the girder.

Fig. 9(b) shows the cumulative sliding distances of various
lamellae, in which they increase significantly from L0 to L26.
Taking L26, for example, the cumulative sliding distance
reaches 3.07 m/h, which is 68.69% of the cumulative girder
movement, indicating that movements of springs near L26 are
the majority of the total girder movements. For lamellae away
from the fixed end, there is basically no relative sliding; for
example, the total sliding distances are all within 50 mm for
L1–L14. Such nonuniform relative sliding distances result in
different types of wear of the friction material. If a cumula-
tive distance of 20 km is taken as the design reference (CEN
2004), then the lives of the friction material of each lamellas are
calculated [Fig. 9(b)], in which the friction material of L26 will be
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Fig. 5. Individual movement time histories of various measure points: (a) P1; (b) P2; (c) P3; (d) P4; (e) P5; (f) P6
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worn after only one year of use, and rapid increase in friction coef-
ficient could occur thereafter.

Using the rainflow counting on the calculated stress time histor-
ies, the shear stress ranges and the corresponding number of cycles
of control springs are obtained (as tabulated in Table 1), in which
there are 12 stress cycles greater than 0.2 MPa in springs at d 27

within 1 h, and the largest stress range is 0.38 MPa. Stress ranges of
other springs are all less than 0.2MPa. Based on the dynamic analy-
sis and rainflow counting, the fatigue lives of control springs can be
predicted if the S-N curves of these springs is available.

Theoretical Analysis of NonuniformMovements
of Lamellae

To investigate the influencing factors of the nonuniform lamella
movements, a theoretical analysis is conducted as follows. Taking

the nth lamella, for example, let k1 and k2 be the ith upper and lower
sliding springs, respectively, and Dx be the precompression applied
through stirrups, the precompressive force on the sliding springs
can be obtained as

Pi ¼ k1k2
k1 þ k2

Dxi (1)

The sliding friction force on the lamella is

fn ¼ 2
X

mPi (2)

where m is the friction coefficient.
The horizontal force equivalent function of this lamella is

ank0Dd n þ anþ1k0Dd nþ1 þ fn ¼ 0 (3)

where an and anþ1 = number of springs in the nth and (nþ 1)th
spacing, respectively; k0 = shear stiffness of the spring; and
Dd n and Dd nþ1 = change in the nth and (nþ 1)th spacing,
respectively.

When the pth lamella is at the imminent moving condition,
namelyDd p = 0, there is

Dd pþ1 ¼ fn= apþ1k0ð Þ
Dd pþ2 ¼ 2fn= apþ2k0ð Þ

..

.

Dd qmax ¼ qmax � pð Þfn= aqmaxk0ð Þ (4)

where qmax is the serial number of the lamella at the fixed end of the
expansion joint.

According to Eq. (4), due to the existence of friction forces, the
change in lamella spacing becomes larger as the lamella comes
closer to the fixed end of the expansion joint.

Let Ad be the difference in the changes of two spacings, namely
Ad =Dd a –Dd b, and Ad n can be calculated as

f1 f2 f3 f4 f5 f6 f7 f8 … fn

(a)

(b)

Fig. 6. (a) Vertical load and (b) horizontal load transfer paths

Fig. 7. FEmodeling of the expansion joint
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Ad n ¼ 2
Xan

i¼1

m
k1k2

k1 þ k2
Dxi= ank0ð Þ (5)

where Ad n is the proportion to friction coefficient and precompres-
sion force, and it is inversely proportional to the shear stiffness of
the spring. Therefore, it is important to use the proper friction coef-
ficient, precompression force, and shear stiffness of springs in the
design to obtain the desirable behavior of the joint. In addition to
the vehicle-induced girder movements, thermal-, typhoon-, and
earthquake-induced movements should also be considered when
determining the optimal values of these influencing factors.

Laboratory Tests on Control Springs

Because the control springs are among the most vulnerable compo-
nents in expansion joints, four control springs were taken from the
manufacturer for laboratory tests. The springs are made of high-
quality rubber with two hemispheric metal heads with inner screw
threads for connection, as shown in Fig. 10, in which a specific test
system was developed to apply the shear displacements on the
springs. The specimen was connected to two steel angles, and one
angle was fixed to the steel base and the other angle moved synchro-
nously with the cylinder bar and the hydraulic actuator. The cylin-
der bar was put in the steel tube so that it could only move along the
tube.

First, the monotonic shear loading was applied, and considering
that there were constraint belts used on the bridge, which only allow
the maximum relative movement of 80 mm, the largest shear dis-
placement in this test was 80 mm. As shown in Fig. 11(a), the con-
trol spring deformed gradually into an S shape, as the displacement
increased. The displacement was kept for 5 min, and after the dis-
placement was removed the spring recovered its original shape
without any damage. Thereafter, four springs were tested under

cyclic loading with the input target displacements of610,620,625,
and 630 mm, respectively, as shown in Table 2. For Specimen 1
(Test 1), there was no significant damage after 2,100,000 displace-
ment cycles, indicating that the spring may have a long life subject to
small displacements (i.e., 10 mm). The mean stiffness of Specimen 1,
obtained according to the feedback actuator forces, became stable
(being approximately 115.25 N/mm) after about 100,000 cycles. For
Specimen 2, the failure (i.e., Pattern I) was similar to that observed on
the bridge, in which there was damage at the joint of the rubber and
metal head, as shown in Fig. 11(b). The test was completely termi-
nated after the metal head fell off after 981,000 cycles, followed by a
significant reduction in spring stiffness, as shown in Fig. 12 (with the
mean stiffness dropping from 87.83 N/mm to below 10 N/mm). For
Specimen 3, the second damage pattern was observed (i.e., Pattern
II), in which cross cracks were observed after 980,000 cycles and
gradually propagated, as shown in Fig. 11(c). This damage might be
due to the initial material drawbacks in rubber. Generally, the crack
propagation was not significant and the stiffness of this specimen ba-
sically was kept around 89.47 N/mm; therefore, the test was termi-
nated after 1,200,000 cycles. When the displacement range became
630 mm for Specimen 4, the spring failed only after 86,000 cycles.
Again, Pattern I damage was observed with the metal head falling off
and the stiffness dropping below 10 N/mm, as shown in Fig. 11(d).
The stiffness in Test 1 was higher than the other tests, which might be
due to the friction in the test system (i.e., friction between cylinder bar
and steel tube). When the displacement ranges became larger in Tests
2–4, there were larger shear forces and the friction became relatively
small.

In Tests 2 and 4, the metal head of the control spring fell off
along the metal-rubber interface, which was similar to the damage
observed on the RSB. This was mainly due to the different elastic
modules of metal head and rubber, which concentrated the stress
along the metal-rubber interface. As a result, fatigue cracking
occurred along the metal-rubber interface, although the interface
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was designed with a half-ellipsoid shape to mitigate the stress con-
centration. According to the test results of the four specimens, it can
be concluded that as the displacement ranges increased, the life of
the springs decreased significantly; therefore, the shear displace-
ments should be properly controlled to obtain satisfactory life of the
springs.

Conclusions

Themodulus expansion joint is a dual-load transferring system with
complicated configuration, and when used in long-span bridges, its
damage mechanism is not been fully revealed. In this study, the
individual movements of lamellae at different locations of the
expansion joint were measured, and a FE model was developed for
static and dynamic analyses. Laboratory tests on control springs

were further conducted to investigate the lives of springs under vari-
ous cyclic shear displacements. According to the presented study,
the following conclusions can be drawn:
1. There was more damage in control springs near the edge

lamella at the approximately fixed end of the expansion joint
than in those underneath the center lamellae. Field measure-
ments showed that the movements in the damaged springs were
also larger than the others. Although such movements were not
large in amplitude, the rapid movements resulted in consider-
able cumulative travel distance. Note that the accelerated wear
of friction material and damage in control springs and stirrups
may result in a working condition of a bridge that is different
from the original design.

2. A FE model was developed in which the behaviors of verti-
cal load bearing, horizontal sliding, and self-equivalence of
lamella spacing were simulated. According to the static and

Table 1. Number of Cycles at Various Stress Ranges

Position of spring

Stress ranges (MPa)

0–0.01 0.01–0.05 0.05–0.1 0.1–0.15 0.15–0.2 0.2–0.25 0.25–0.3 ≥0.3

d 27 473 12 5.5 10.5 5 8 2 2
d 26 491 12.5 16 10.5 2 — — —

d 25 632 12 16 7.5 0.5 — — —

d 24 763 16 15 5 — — — —

d 23 848 15 16 3 — — — —

d 22 922.5 12.5 14 2 — — — —

d 21 1,017 13 9.5 1.5 — — — —

d 20 1,062 13 8 — — — — —
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Fig. 9. Movements of lamellae under dynamic girder-end movements: (a) movement time histories; (b) cumulative sliding distances of lamellae
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dynamic analyses, when there is a girder-end movement,
the spacing between lamellae is nonuniform due to the fric-
tion of the sliding springs, and the springs near the edge
lamella adjacent to the PSC box-girder (the almost fixed
end) show more damage, which is consistent with the dam-
age pattern observed on the bridge. Theoretical analysis

further shows that the difference in the changes of two spac-
ings is proportional to the friction coefficient and precom-
pression and is inversely proportional to the shear stiffness
of the spring.

3. A static shear test on the control spring showed that the
spring can be damage free under a static shear displacement

Fig. 10. Shear test system for control springs: (a) profile; (b) three-dimensional view

Fig. 11. Deformation of springs and damage patterns: (a) deformation under the input static displacement of 80 mm; (b) damage at the edge of the
rubber; (c) cross cracks in rubber; (d) falling off of the metallic head
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of 80 mm; therefore, the field-observed damage is not likely
strength related. Under the cyclic loading, the life of the
springs decreased significantly as the displacement ampli-
tudes increased. Two damage patterns were observed, and the
first one was the same as that observed on the bridge, whereas
the second pattern showed cross cracks in the middle of the rub-
ber cylinder. Because of the considerable costs of high-cycle
tests, only four springs were tested. More test results in a future
study could be beneficial to this investigation.

4. Note that cracking in the middle of the rubber cylinder (i.e.,
damage Pattern II) did not result in a significant loss of stiff-
ness; therefore, the shape of the control spring might be opti-
mized by using a slightly reduced cross section in the middle of
the rubber cylinder. Also, according to the FE and theoretical
analyses, more control springs should be used near the edge
lamellae adjacent to the PSC box-girders, although the original
design was the opposite, and larger precompression forces may
also be used in springs at this region. In addition, because the
damage of the control springs was essentially due to the fast
girder movements, it could be an effective measure to install
velocity-dependent viscous dampers at girder ends for damage
mitigation.
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