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Aiming at the phenomenon of punching failure and large slip at the new-to-old concrete interface of “beam-column” un-
derpinning joint, a new type of “all-inclusive” underpinning joint is tested and numerically analyzed, which adopts the spraying
glue + grooving + planting bars + prestressed + hooping connection method. .e experimental and numerical analysis results
show that the connection method of “all-inclusive” underpinning joint can effectively avoid punching failure of the joint, and the
failure mode is mainly flexure-shear. .en, the “all-inclusive” underpinning joint can delay the initial slip at the new-to-old
concrete interface and reduce the overall slip. Finally, combining the theoretical and experimental results, a simplified calculation
formula for the bearing capacity of the “all-inclusive” underpinning joint is improved. .e theoretical results are in good
agreement with the experimental results, which indicates that the calculation of the bearing capacity of the underpinning joint
using the formula in this paper is feasible and can provide experimental and theoretical references for similar projects.

1. Introduction

Underpinning technology is the core construction tech-
nology for developing underground space of existing
buildings, which is applied to underpinning, rectifying,
expanding, and displacing buildings or structures, and the
“beam-column” connection method and “all-inclusive”
connection method are main connection methods of un-
derpinning joints [1, 2]. Both methods have been tested and
analyzed on the bearing capacity of underpinning joints. In
the 1950s, the underpinning technology of pile foundation
was applied in Germany, which has been included in in-
dustrial standard [3]. In the 1960s, the “beam-column”
underpinning technology was adopted in Japan’s Kyoto
subway for the first time, and then the “beam-column”
connection method was widely used [4]. In 2003, the “beam-
column” underpinning joint adopting the planting bar + -
prestressed method was first used in the subway project of
Shenzhen, and the slip value of underpinning joint was
controlled well [5]. In 2008, using the “beam-column”
underpinning method, two columns of the Tianjin

underpinning project were successfully underpinned for the
first time [6]. In 2011, five similar underpinning joints
adopting the “beam-column” underpinning method were
tested, the connection method of roughening + planting
bar + prestressed was adopted, and a formula for calculating
the bearing capacity of underpinning joint was first put
forward [7, 8]. In 2015, a pile underpinning technology was
proposed for shield tunnel cross through group pile foun-
dation, and a series of theoretical analysis and numerical
simulation were carried out to explore the load transfer
mechanism of a bridge structure [9]. In 2015, based on the
underpinning project of a subway tunnel, a new type of “all-
inclusive” model tests were carried out. .e results showed
that the stirrup reinforcement ratio and planting bar played
a major role in the shear resistance of the new-to-old surface
[10]. In 2016, a large number of “beam-column” under-
pinning joints were numerically analyzed and found that
bearing capacity was provided by the bonding force pro-
vided by the new-to-old concrete interfaces, the friction
force provided by the hooping-force on all sides, and the
interface friction force provided by the prestressed force
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[11]. In 2017, sixteen “beam-column” underpinning joints
were analyzed, considering different shear span-to-depth
ratios, underpinning joint heights, reinforcement ratios, and
so forth. .e experimental results showed that the bearing
capacity can be greatly improved by decreasing the shear
span-to-depth ratio [12].

A number of research studies have been done on “beam-
column” underpinning joints, but not on “all-inclusive” un-
derpinning beam joints..erefore, in this paper, a new type of
“all-inclusive” underpinning joint adopting the connection
method of roughening+planting bar + prestressed+ building
glue+hooping was tested and analyzed to discuss the bearing
mechanism of underpinning joint, and so as to provide ex-
perimental and theoretical support for similar projects.

2. Test Design

2.1. Model Making. .is paper studies the large-axis un-
derpinning joint relying on a domestic international airport
underground railway line to pass through the airport main
line bridge. As shown in Figure 1, the newly built tunnel line
passes through the pile foundation of the existing main line
pier, and the project needs to stably transfer the load of the
upper structure through the special design of the under-
pinning structure to obtain more underground space for
tunnel construction. .e data show that the underpinning
joint has a length of 20m and an underpinning axial force of
13000 kN and adopts the “all-inclusive” pile foundation, i.e.,
the connection form in which the beam joint wraps the
bearing platform and some piles inside the underpinning
joint. Due to the large size of the structure, the model test is
considered to be conducted on a scale of 1 : 6.

According to the scale of 1 : 6, the model test (ZT-1)
research and numerical analysis (MT-1 and MT-2) are
carried out, respectively. MT-1 is a numerical model
completely consistent with the relevant parameters of ZT-1,
MT-2 is a cast-in-situ overall numerical model with the same
parameters as ZT-1, and the size parameters of test pieces are
shown in Table 1. After the pile foundation has been made,
firstly, roughening and planting steel bars on the side of the
pile foundation are performed; then, assembling rein-
forcements on the outer side of the pile foundation and
spraying building glue are done; finally, making and pre-
stressing of the underpinning beam are done. .e pre-
stressed steel bar adopts the high strength and low relaxation
Φs1860 steel strand and is equipped with 5 strands (2 strands
on the upper edge and 4 strands on the lower edge) and
anchored by clamp anchorage of corresponding specifica-
tions..e underpinning beam diagram is shown in Figures 2
and 3, the steel bar diagram is shown in Figures 4 and 5, and
the test piece is shown in Figures 6 and 7.

2.2. Material Property Test. In this test, the concrete of
foundation and underpinning beam are of C35 and C50.
Before the test, the strength and material properties of the
concrete 150mm cube test block are tested. .e steel bar
adopts the HRB335 steel bar, and the pull-out test is con-
ducted before test loading, and the material performance

meets relevant specifications. .e prestressed steel bar
adopts the Φs1860 steel strand with high strength and low
relaxation, and its mechanical properties meet the provisions
of relevant national standards. .e mechanical properties of
the materials are shown in Tables 2 and 3.

2.3. LoadingMethod. Loading system: test data are acquired
by using the 500 T hydraulic loading system and static data
acquisition system. Loading method: the repeated pro-
gressive static loading method of loading-unloading-
reloading is adopted, and the specimens are loaded
according to load control and displacement control, re-
spectively, before and after yielding. Loading step: during
load control, first, carry out 150 kN preload test twice and
then apply repeated load with 200 kN as the first level until
the specimen yields. After yielding, the specimen is subjected
to displacement control, with 0.5 times the maximum yield
displacement value (0.5δ) as the first stage of loading, and
each stage is repeated 3 times until the specimen is damaged.

2.4. Layout of Measuring Points. .e measuring points: the
underpinning girder is divided into seven sections, i.e., the
supporting points on both sides, the new-to-old concrete
interfaces on the left and right of the bearing platform, the
lower part of the action point, and the 1/4 and 3/4 of beam
spans. .e steel strain gauges are arranged at the longitudinal
reinforcement and the making stirrups at the corresponding
sections. .e displacement gauges and concrete strain gauges
are arranged at the bottom of the beam at the corresponding
sections above. .ere are 58 steel strain gauges, six concrete
strain gauges, and eight displacement gauges. .e location of
the measuring points is shown in Figure 8.

3. Test Results

3.1. Analysis of Test Phenomena. .e fracture diagram of the
test model is shown in Figures 9–12. At the initial stage of
test loading, the load is controlled. At 550 kN, the first
100mm transverse crack appeared at the bottom of the
beam. At 1500 kN, cracks appeared at the bottom of the
beam and developed everywhere and two oblique cracks
appeared at the bearing in the direction of 45 to the loading
point. .e interface between the new and old concrete of the
underpinning beam was well bonded. At 2000 kN, the crack
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Existing pile foundation

Underpinning bridge pier
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Underpinning pile
foundation

Underpinning
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Figure 1: Diagram of underpinning project.
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at the bottom of the beam forms a grid in the transverse
direction and extends to the width direction of the beam,
with the width of the crack being 0.1mm. .e main oblique
fractures on the north side continue to extend obliquely and
tend to be horizontal, with a width of 0.15mm and a length
of 400mm. At 2500 kN, the underpinning beam enters the
yield state and is changed to displacement control loading.

At this moment, the load increases slowly and the dis-
placement increases obviously. .e cracks are found at the
bottom of the beam, which extend from the bottom to the
side of the beam with a width of 0.2mm, and some
transverse cracks appear at the top of the beam. When the
load continues to 2750 kN, the crack on the side of the
specimen is distributed in an arch shape, and then the

Table 1: Dimension parameters.

Model Beam size (mm) Chisel depth
(mm)

Grooving size
(mm)

Planting bar
diameter (mm)

Prestressed
area (mm2)

Hoop
(%)

Reinforcement
(%)

ZT-1 3383×1450× 583 20 100× 50 16 5580 0.49 2.8
MT-1 3383×1450× 583 20 100× 50 16 5580 0.49 2.8
MT-2 3383×1450× 583 — — — 5580 0.49 2.8
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Figure 2: Side view of underpinning beam (cm).
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Figure 3: Plan view of underpinning beam (cm).
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bearing capacity starts to decline rapidly. When the un-
derpinning beam is damaged, the maximum deflection is
16.9mm, the maximum crack width on the beam side is
0.2mm, and the main crack forms an arch.

.e bearing capacity and failure modes of the specimens
are shown in Table 4. From phenomena and analysis of
results, the failure mode of the specimens is flexure-shear
and no interface punching failure occurs. Combined with
the analysis of specimen crack morphology, we found that
the jacking effect at the bottom of the beam makes the
underpinning beam and the bearing platform connected
well, and the mechanical failure mode of the underpinning
beam basically conforms to the characteristics of cast-in-situ
integral concrete beam, which indicates that the connection
mode of “all-inclusive” pile foundation underpinning joint
can effectively avoid punching failure and has greater un-
derpinning bearing advantages.

3.2. Stress and Displacement Analysis. Figure 13 shows a
load-displacement hysteretic curve of the specimenM1-1. In
the load-slip curve of underpinning beam joint, the ratio of

ultimate displacement of the underpinning beam joint to
initial slip displacement of the beam joint when the un-
derpinning beam is damaged is usually defined as ductility
ratio [5]:

λ �
Δu
Δ0

. (1)

According to the definition of ductility ratio, the greater
the ductility ratio, the better the ductility and integrity of
underpinning beam joints. According to Figure 13 and
Table 4, the load-displacement curve of the ZT-1 under-
pinning beam has obvious yield deformation stage, and the
ductility ratio of the specimen reaches 7.7, which is larger
than that in the previous studies [5, 12]. Further, the relative
slip amounts mentioned in the previous studies [5, 12] are
0.3mm and 0.4mm, respectively, under the same conditions
of “beam column”, which are much larger than the relative
slip amounts of ZT-1 in this paper. .erefore, it can be seen
that the initial slip and the overall slip at the new-to-old
concrete interface can be effectively reduced by adopting the
“all-inclusive” underpinning joint.

Figure 14 is the strain diagram of longitudinal rein-
forcement at the interface between the new and old concrete
and at sections 1/4, 1/2, and 3/4. .e maximum point of
bending moment with the fastest strain growth is directly
below the loading point, followed by the joint of the left and
right interfaces of the bearing platform..e strain growth of
reinforcement in other sections is relatively small. Moreover,

Figure 6: Planting bars diagram of pile foundation.

Figure 7: Specimen diagram.

Table 2: Mechanical properties of steel bars.

Category Test method Yield strength (MPa) Ultimate strength (MPa) Elongation (%) Elastic modulus (MPa)
Reinforcement Field test 342 459 6.2 2×105

Prestressed steel Field test 1738 1875 3.5 1.95×105

Table 3: Mechanical properties of concrete (MPa).

Strength grade of concrete C35 C50
Average 36.3 52.2
Standard 29.5 43.6
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at 1500 kN, the longitudinal reinforcement strain at the
interface between the new and old concrete has obvious
abrupt change, but the longitudinal reinforcement at the
maximum point of bending moment yields first and then the
longitudinal reinforcement at the interface between the new
and old concrete. .erefore, the final failure of the under-
pinning joint is due to bending and shear failure caused by
yield of longitudinal reinforcement instead of punching and
sliding failure of the interface.

Figure 15 shows the load-strain relationship of stirrups
of the underpinning joint at the new-to-old concrete in-
terface and at sections 1/4, 1/2, and 3/4. .e stirrup strain
changes are obvious on the both sides of the new-to-old
concrete interface, while the strain of other stirrups is
smaller. When the load is small, the strain of all stirrups is
small. When the load reaches 1500 kN, the stirrup strain at
the new and old concrete interface has obvious abrupt
change, but the strain of stirrups at other sections of the
beam still increases slowly. .erefore, the making stirrups at
the new-to-old interface of the underpinning joint partici-
pate in the shear resistance at the interface after the initial
slip of the interface.

Figure 16 shows the strain curve of planting bars on the
upper, lower, left, right, front, and rear surfaces of the
foundation. .e strain of planting bars on the upper, lower,
front, and rear surfaces of the bearing platform is small
during the whole loading process, indicating that planting
bars on the upper and lower interfaces of the bearing
platform and the outer cladding beam do not participate in
shear resistance. In comparison, the planting bar strain on
the left and right sides of the bearing platform changes
greatly. When the load reaches 1500 kN, the planting bar
strain on the left and right sides change abruptly, but the
planting bars have not yet yielded when the specimen is
damaged. .erefore, planting bars at the interface can
provide greater shear resistance at the interface and can
effectively avoid brittle failure such as punching failure of
underpinning joint.

4. Numerical Analysis

4.1. Model Establishment. To analyze the results of the
comparative test model further, the comparative model MT-
1 and the cast-in-place overall model MT-2 are established.
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Figure 8: Measuring points.

Figure 12: Crack diagram of top.

Figure 9: Crack diagram of north side.

Figure 10: Crack diagram of south side.

Figure 11: Crack diagram of bottom.
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Model-related dimension parameters have been given in
Table 1. .ree-dimensional elements (C3D8R) are used for
concrete, and truss elements (T3D2) are used for rein-
forcement and embedded in concrete. .e MT-1 model is
shown in Figures 17–20.

As mentioned above, the concrete of the column and the
beam are cast separately. .erefore, the contact properties of
the new-to-old concrete interface of the underpinning joint
need to be carefully considered, and the definition methods
of contact attributes are briefly given based on normal
behavior, tangential behavior, and cohesive behavior
[13, 14].

.e default relationship between contact pressure and
clearance in normal behavior uses hard contact. When two

surfaces are in contact, the magnitude of contact pressure
that can be transferred between the contact surfaces is not
limited. When the contact pressure becomes zero or neg-
ative, the two contact surfaces separate and the contact
constraint on the corresponding joint is removed. .e
friction model of tangential behavior adopts the Coulomb
model, i.e., friction coefficient is used to represent the
friction characteristics between contact surfaces, and the
default friction coefficient is zero, i.e., no friction. .e cal-
culation formula of Coulomb-friction is as follows:

τcrit � μP, (2)

Table 4: Bearing capacity and failure modes of specimens.

Specimens P0 (kN) Pu (kN) Δ (mm) Δ0 (mm) Δu (mm) λ Failure modes

ZT-1 1480 2750 0.1 2.2 16.9 7.7 Flexure-shear
Manuscript [5] 1065 1825 0.3 3.4 13.5 4.0 Flexure-shear
Manuscript [12] 125 775 0.4 2.0 6.3 3.15 Flexure-shear
P0 is the initial slip load; Pu is the ultimate load;Δ is the relative slip displacement of the new-to-old concrete interface;Δ0 is the slip displacement of initial slip
load; Δu is the ultimate displacement of ultimate load; and λ is the ductility ratio.
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where τcrit is the critical shear stress, μ is the friction co-
efficient, and P is the normal contact pressure.

.e stress-displacement model element obeys linear
elastic behavior before damage initiation and evolution of
cohesive behavior. .e cohesive elements are usually devel-
oped to describe interface, cohesion, or potential crack path.
.e behavior of cohesive elements is governed by the cohesive
law, which defines the relation between cohesive stresses and
crack opening or sliding displacements. Concrete destroying
plastic damage model is mainly by the tensile and com-
pressive equivalent plastic strain control. After strain soft-
ening point, the uniaxial tensile stress is expressed as
equations (3) and (4) [13, 14]:

σt � 1 − dt( E0 εt − εpl
t , (3)

σc � 1 − dc( E0 εc − εpl
c , (4)

where σt and σcindicate the tensile stress and compressive
stress of the concrete after the softening point, respectively;
dt and dc indicate the tensile damage parameter and
compressive damage parameter, respectively; εt and
εcindicate the tensile strain and compressive strain of the

concrete after the softening point, respectively; and E0 is the
initial elastic modulus of the concrete.

4.2. Comparative Analysis of the Model and Test Results.
.edisplacement nephogram and stress nephogram ofMT-1
and MT-2 models are shown in Figures 21–24, and the bearing
capacity and failuremode pairs of test and numerical models are
shown in Table 5. .e analysis shows that the destruction mode
of the both models are flexure-shear, the load-displacement
curve trend is relatively consistent, and the MT-1 results are in
good agreement with ZT-1, which verifies the reliability of the
test results. Further, the comparison of MT-1 and MT-2 load-
slip curves in Figures 25–26 shows that the slip at the new-to-old
interfaces is basically zero before failure, indicating that the “all-
inclusive” underpinning joint can achieve the bearing capacity of
cast-in-situ integral concrete beams and can meet the design
requirements of underpinning joint.

5. Analysis of the Bearing Capacity of
Underpinning Joints

In the paper, a new type of “all-inclusive” underpinning joint
model is designed. Comparing the experimental results with

Figure 19: Underpinning beam diagram of MT-1.

Figure 17: Foundation planting bar diagram of MT-1.

Figure 18: Reinforcement diagram of MT-1.

Figure 20: Steel bar diagram of MT-1.
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Figure 23: Displacement nephogram of MT-2.
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Figure 21: Displacement nephogram of MT-1.
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Figure 22: Steel bar stress nephogram of MT-1.
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Figure 24: Steel bar stress nephogram of MT-2.
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numerical results, the formula of European code [15] is
introduced:

V0 � cfctdAc + μN + Asfyd μ sin α′ + cos α′( . (5)

.e formula above is applicable to the shear bearing
capacity analysis of the beams adopting the rough-
ening + planting bar + prestressed + building glue connec-
tion method, which is similar to the experimental models in
this paper, in which the connection method of rough-
ening + planting bar + prestressed + building glue + hooping
was used. However, the formula above ignored the influence
of stirrups and reinforcement ratio. Research shows that

stirrups and reinforcements play an important role in the
shear resistance of the new-to-old concrete interface of the
underpinning structure with flexural shear failure mode..e
code [7] gives the shear calculation formula for common
reinforcement:

VS � βsρfyv
Asv

s
h0. (6)

To sum up, considering the effect of shear factors at the
interface, the improved formula for calculating the bearing
capacity of the “all-inclusive” underpinning joint is
obtained:

V � cfctdAc + μN + Asfyd μ sin α′ + cos α′(  + βsρfyv
Asv

s
h0,

(7)

where c and μ are the coefficients of the roughness of the
interface; when the interface is grooved, the values of c and
μ are 0.4 and 0.7 (Table 6), respectively. fctd is the design
value of concrete tensile strength. Ac is the shear plane area.
N is the axial force perpendicular to the shear plane,
pressure is positive and pull is negative, and N≤ 0.6fcdAc,
When it is pulling, the value is cfctd � 0. As is the area of
planting steel bar. fyd is the yield strength of planting steel
bar. α′ is the angle between the planting bar and the shear
plane, i.e., 45° ≤ α′ ≤ 90°. βs is the steel correction factor;
when the longitudinal reinforcement adopts HRB335 and
HRB400, the value is 66. ρ is the longitudinal reinforcement
ratio. Asv is the total cross-sectional area of the making
stirrups. fyv is the tensile strength design value of the
making stirrups. s is the stirrups spacing. h0 is the effective
height of the beam.

To verify the accuracy of equation (7), the test data in this
paper are substituted into the formula, and the results are
shown in Table 7. Comparing the experimental results with
the theoretical calculation results, it is found that the the-
oretical results and the experimental results are about 2% to
6%, which is within the allowable error range. To verify the
accuracy of the theoretical formula further, the data of
different manuscripts are substituted into equation (7). .e
difference between the calculated results of the manuscripts
and the experimental results is small, about 2%∼13%. .e
formula proposed in this paper has smaller error and a

Table 5: Bearing capacity and failure modes of models.

Specimens Initial slip load (kN) Ultimate bearing capacity
(kN)

Yield displacement
(mm)

Ultimate displacement
(mm)

Failure
modes

ZT-1 1480 2750 2.2 16.9 Flexure-shear
MT-1 1550 2690 2.4 19.7 Flexure-shear
MT-2 — 2760 2.2 18.2 Flexure-shear
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Figure 26: Load-slip diagram.
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Table 6: Values of c and μ in European code.

Types of new-to-old concrete surface c μ
Very smooth 0.025 0.5
Smooth 0.2 0.6
Rough 0.4 0.7
Indented 0.5 0.9
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higher reliability. .erefore, the formula used to calculate
the shear bearing capacity of underpinning joints with “all-
inclusive” pile foundation is feasible.

6. Conclusion

Aiming at the phenomenon of punching failure and large slip
at the new-to-old concrete interface of “beam-column” un-
derpinning joint, a new type of “all-inclusive” underpinning
joint model adopting the spraying glue + grooving +planting
bars + prestressed+hooping connection method is tested and
numerically analyzed. .e following conclusions are
obtained:

(1) .e failure modes of the “all-inclusive” underpinning
joint are flexure-shear, and the connection method
between the new-to-old concrete interfaces is reliable,
which indicates that the “all-inclusive” underpinning
joint adopting the spraying glue + grooving +planting
bars + prestressed +hooping connection method is
effective and feasible.

(2) .e initial slip and the maximum slip of the damaged
“all-inclusive” underpinning joint are both small,
which shows that the “all-inclusive” underpinning
connection method can avoid premature punching
brittle failure of underpinning joint and can effec-
tively reduce the initial slip and the overall slip at the
new-to-old concrete interface.

(3) .eoretical and experimental results show that the
improved calculation formula in this paper has
small error and relatively accurate calculation
results, which can provide a new perspective for
the calculation of bearing capacity of similar
projects.
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