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Abstract: Through the study of 8 masonry walls (including contrast specimens)

reinforced with invisible beams under concentrated load, an analysis is made of the
destruction patterns and load-displacement curves of masonry walls reinforced with
invisible beams. The experimental results show that the bearing capacity and crack
resistance of reinforced masonry wall with invisible beams under concentrated load is
much higher, compared with unreinforced walls. What’s more, the wall’s ductility and
deformability increase significantly. When reaching the ultimate bearing capacity, the
transverse and vertical displacements of reinforced specimens improve greatly. The steel
sheet has a strong constraint on bulging deformation of the wall, while the lacing bar has a
strong supporting capacity on steel sheet, which can delay the steel sheet’s entering the
yield stage. In addition, the lacing bar can improve the working ability with crack and is
useful to enhance the bearing capacity of the specimen.

1. Introduction

In our country, after many years’ use and environmental erosion, the existing masonry structures’
reliability has decreased remarkably or the structures have been close to the maximum design life.
The problem of improving the brittleness and seismic performance of existing masonry structures
has become imperative. On environmental protection and green energy conservation grounds,
masonry structure reinforcement is accepted as the best choice.

So far, the domestic and foreign researches on the methods of strengthening masonry structures
have achieved preferable results and many new types of reinforcement methods have been created.
For example, the new methods and technologies| 1-3] proposed in China for reinforcing masonry by
using carbon fiber, bonded steel technology, GFRP materials, etc. have greatly improved the
bearing capacity and seismic performance of masonry. Some developed countries in Europe and
America began to pay much early attention to the method of reinforcing masonry structures. A
couple of people[4], such as CROCO G, first started to study the use of composite materials to
reinforce masonry structures and improve the shear resistance of structures. M.R. Ehsani, H.
Saadatm anesh, and A.L-Saidy[5-7] conducted tests under static load on masonry members
reinforced with FRP sheets. After reinforcement, ductility and strength of the walls can be improved.
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The use of invisible beams to reinforce existing brickwork walls is a new type of reinforcement.
After reinforcement, a structure similar to the “template beam” is formed on the upper part of the
original wall. This kind of reinforcement method is simple in construction, easy to install and has a
good economical result. The bearing capacity and crack resistance of the masonry reinforced with
invisible beams are significantly improved, and the ductility and deformability are enhanced, both
contributing to the improvement of the seismic performance of the masonry. By means of force
analysis of the equivalent “template beam” model specimen, the calculation method of local
compressive capacity of the masonry reinforced with invisible beams is proposed, which provides a
theoretical basis for engineering practice.

2. Experiment Methodology
2.1. Test Parameter Design and Specimen Production

The specimens are all common burnt clay bricks with strength of MU10. Mortar strength is M10.
Steel sheets used for test reinforcement are machined from Q235 steel, with the model of
40mmx4mm. 8.8-grade 8mm high-strength bolts are used as wall-to-pull bolts. The brickwork wall
in the test adopts a one-by-one masonry method. The concrete bottom beam is connected to the wall
below. The strength grade of the bottom beam concrete is C30, and the specific size of the test piece
is shown in Figure 1
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(a) Before masonry reinforcement (b) After masonry reinforcement

Figure 1: The effect drawing of masonry.

With reference to the existing reinforcement methods, several key factors are selected to improve
the bearing capacity of local compressive masonry wall. These factors include the width of the
transverse steel sheet, the preload force of the bolt, and the width of the reinforcing plate at the top
of the wall. The specific selection of the test parameters is shown in Table 1.

Table 1: The design parameters of specimens.

Specimen Specimen size | Transverse steel | Bolt preload Steel plate
number (mm) plate spacing force (mm)
Q-1 1250x1000%240 No No No

REQ-1 1250x1000%240 120mm 13.2kN 350x240%20
REQ-2 1250x1000%240 150mm 13.2kN 350%240%20
REQ-3 1250x1000%240 180mm 13.2kN 350%240x20
REQ-4 1250x1000%240 120mm 9.9kN 350x240%20
REQ-5 1250x1000%240 120mm 16.5kN 350%240x20
REQ-6 1250x1000%240 120mm 13.2kN 400x240x20
REQ-7 1250x1000%240 120mm 13.2kN 400x240x20
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2.2. Loading System and Measuring Point Layout

The hierarchical loading method[8] was used in the test, and before starting the test loading, the
5%~20% preload of the estimated failure load was applied to the specimen. When formally loading,
the load at each stage was10% of the estimated load, and was evenly loaded in Imin ~ 1.5min.
After loading for 1min ~ 2min, the load was reduced to 50% of the estimated failure load, and then
decreased the load at each stage to 5% of the estimated failure load. When the first crack appears on
the wall, the load at each stage was restored to 10% of the estimated failure load. After loading 80%
of the estimated failure load, continuous loading was imposed at the original loading speed. When
the specimen’s crack expanded rapidly and the collected load sharply decreased, the specimen was
destroyed and the loading was completed. The test loading device is shown in Figure 2. The
displacement meter was installed at the loading point at the top of the specimen, at the center of the
bottom beam and on the side of the specimen to observe the vertical displacement at the loading
point and the transverse displacement of the specimen during loading. The set position of the
displacement meter is shown in Figure 3.

Figure 2: The diagrammatic sketch of loading devic.
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Figure 3: The layout diagram of measuring points.
3. Test Results and Analysis
3.1. Specimen Destruction Pattern

When the unreinforced specimen Q-1 was loaded to 325kN, the first subtle crack appeared near the
loading position at the top of the wall, and the second crack appeared at 514kN. When loaded to
564kN, the second crack suddenly widened and extended to the bottom of the wall, showing clearly
that the brick was crushed and the wall lost its bearing capacity. When the specimen REQ-1 was
loaded to 809kN, the first vertical crack occurred at the third batch of bricks below the loading point
and extended downwards to two thirds of the wall. With the load increasing, the cracks continued to
extend towards both ends, and many short oblique cracks appeared near the loading point and
extended downwards in a divergent manner. As the load continued to increase, the width of the
cracks became wider and wider, and the number of cracks increased. Furthermore, the mortar
peeled off. At this time, the bearing capacity of the specimen dropped rapidly and then lost, so the
specimen was destroyed. The specimens REQ-2 and REQ-3 started to crack when the vertical load
was loaded to 809kN, 644kN and 628kN, and the cracks continued to increase and expand as the
load enhanced. When the wall came to the ultimate compressive resistance, the bearing capacity
dropped promptly to destruction. As to REQ-4 and REQ-5, the first crack appeared when the
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vertical load was loaded to 590kN and 550kN respectively. As the load increased, the crack
continued to grow and widen. When the capacity reached the peak, it rapidly dropped. And the
specimen lost its bearing capacity and was finally destroyed. The specimens REQ-6 and REQ-7
respectively appeared cracks when loaded to 901kN and 680kN. After the continuous loading, the
entire wall was seriously deformed, and the distribution of the cracks became significantly larger

and destroyed. The destruction patterns of each specimen are shown in Figure 4 (a~h).
i - o < - & ~ & 2‘

(h) REQ-7 Destruction Pattern

(g) REQ-6 Destruction Pattern

Figure 4: Destruction patterns of specimens.

3.2. Bearing Capacity and Displacement of Specimen

The cracking load and the ultimate load of the unreinforced and reinforced specimens are shown in
Table.2. From the detailed comparison of the data in Table.2, it can be seen that, compared with
unreinforced wall specimen, the increase in cracking load of wall reinforced with invisible beams is
177.2% at the maximum and 69.2% at the minimum; the increase rate of maximum bearing
capacity is 269.7% and the minimum is 89.7%. The local compressive capacity of the specimen
reinforced by invisible beam is obviously enhanced.

Table 2: The cracking load and ultimate load of the walls.
REQ- | REQ- | REQ | REQ- | REQ | REQ- | REQ-

Specimen number Q-1 1 ) 3 4 -5 6 7
Cfacﬁlg) load 325 809 | 644 | 628 | 590 | 550 | 901 | 680
 Cracking load 1489 | 981 | 932 | 81.5 | 69.2 | 177.2 | 109.2
increase rate (%)
Ultimate load (kN) 564 1070 15; L1 1455 | 1674 1359 61 1920 2055 '
Ultimate capacity — 89.7 | 171.6 | 158 | 196.8 | 147.6 | 240.4 | 269.7

increase rate (%)
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Table 3 shows the cracking displacements and the ultimate displacements of the unreinforced
and reinforced walls. From the data in the table, it can be seen that when the wall reaches the
cracking load, the transverse displacement of the specimen REQ-2 is the largest, reaching 0.85mm,
with the increase rate of 844%, compared with the unreinforced specimen; the vertical displacement
of specimen REQ-1 is the largest, 2.02mm, and the increase rate is 359%. When the wall reaches
the ultimate load, the transverse displacement of specimen REQ-7 is the largest, reaching 3.29mm,
with the increase rate of 532.7%. The vertical displacement of specimen REQ-1 is the largest,
2.38mm, and the increase rate is 217.3%. When the reinforced specimen comes to the ultimate
bearing capacity, the transverse displacement is greatly improved, and the vertical displacement can
be increased by five times, which will improve the ductility of the wall to a large extent.

Table 3: The cracking displacement and ultimate displacement of the walls.

Cracking displacement Ultimate displacement
. Incre | Vertical Transver Incre | Vertical
Specimen | Transverse . Increas se .
. ase | displace ) ase | displace | Increase
number | displacement erate | displace
rate ment rate ment | rate (%)
(mm) o (%) ment o

(%) | (mm) oy | @0 | (mm)

Q-1 0.09 — 0.44 — 0.52 — 0.75 —
REQ-1 0.07 -22 2.02 359 0.34 -34.6 2.38 217.3
REQ-2 0.85 844 0.79 79.5 2.75 428.8 1.31 74.7
REQ-3 0.09 0 0.85 93.1 0.78 50 1.28 70.7
REQ-4 0.03 -66 0.99 125 0.66 26.9 2.36 214.7
REQ-5 0.07 -22 0.54 22.7 0.67 28.8 1.24 65.3
REQ-6 0.09 0 0.66 50 0.72 38.5 1.28 70.7
REQ-7 0.69 -66.7 0.16 -63.6 3.29 532.7 | 0.58 -22.7

3.3. Load-displacement Curve of Specimen

Figure 5 shows the load-displacement curve of the specimen. As can be seen from Figure.5 (a),
comparing the invisible beam specimens of different heights, the load-displacement curve of
specimen REQ-1 is similar to that of specimens REQ-2 and REQ-3 at the initial stage of loading.
However, when the loading time reaches the middle and late stage, the wall stiffness is significantly
lower than the specimens REQ-2 and REQ-3. The load-displacement curves of specimens Q-1,
REQ-2, and REQ-3 basically have the same variation trend. The ultimate bearing capacity of Q-1 is
quite smaller, while the ultimate bearing capacities of REQ-2 and REQ-3 are greater and closer.
Under the same load, the displacement value of specimen REQ-1 is the largest, with the best
deformability. Figure.5 (b) indicates the load-displacement curves of specimens with different bolt
preload force. In the initial stage of loading, the curve of the specimen REQ-4 basically coincides
with that of specimen Q-1. Before the cracking, the initial stiffness of REQ-4 is basically the same
as that of Q-1. The initial stiffness of specimen REQ-5 is the smallest. When the load reaches
220kN, the wall stiffness begins to rise greatly and appears an inflection point. The reason is that
when there are tiny cracks at the top of the wall, the steel sheet begins to intervene in the work and
to be pulled, which makes the rigidity rise dramatically. The curve of REQ-4 increases almost
linearly and its stiffness is nearly constant. Figure 5(c) shows the load-displacement curves of the
specimens with different plate widths. Under the same load, the displacement of REQ-7 is smaller
than that of REQ-6, and REQ-1 and Q-7 are larger. The load-displacement curve of REQ-6
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increases almost linearly, and the stiffness remains essentially unchanged. The specimen REQ-7 is
in the elastic range at the initial stage of loading, and the curve shows a linear increase. When the
load reaches 900kN, the specimen stiffness decreases slightly and then continues to rise. From the
load-displacement curve of the specimen, it can be seen that the steel sheet can effectively restrain
the bulging deformation of the wall. The bearing capacity and ductility of reinforced wall
specimens have been greatly improved, which will help improve the wall energy dissipation
capacity under the earthquake.
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(c) Load-displacement curves of spec1H1€ns with different plate widths

Figure 5: Load-displacement curves of the specimen.
4. Conclusions

(1) Compared with the unreinforced wall, the masonry wall reinforced with invisible beams under
concentrated load has obvious improvement in bearing capacity and crack resistance, and the
ductility and deformability of the wall are also significantly improved.

(2)The smaller the spacing of transverse steel sheets, the greater the cracking load; the smaller
the bolt preload force, the greater the cracking load; when the plate width is 400 mm, the cracking
load is the largest and when the plate width is 450 mm, the bearing capacity is the maximum. The
most favorable reinforcement combination is with 150mm transverse steel sheet spacing, 9.9kN bolt
preload force, and 450mm plate width.

(3)Compared with the unreinforced specimen, the transverse displacement is greatly increased,
and the vertical displacement can increase five times when the reinforced specimen reaches the
ultimate bearing capacity. The ductility of the wall is effectively enhanced, which benefits to the
seismic resistance of the wall.

(4)The steel sheet has strong restraining capacity for bulging deformation of the wall. The lacing
bar has strong supporting ability for transverse steel sheet, which can delay the entering of
transverse steel sheet into the yield stage and improve the working ability of the specimen with
cracks. It also has a great effect on improving the bearing capacity of the specimen.
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