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� Adopts textile reinforced self-stressing concrete (TRSSC) composite materials.
� Pull-out and bending tests of TRSSC sheets to gain better stress distribution of the bond behavior and bending property.
� The calculation formula of the bond strength is established based on Tepfers’ partly cracked thick-walled cylinder model.
� Derivation of calculation models for TRSSC sheets elimination pressure moment.
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This study tests the mechanical property of textile reinforced self-stressing concrete (TRSSC) sheets, par-
ticularly the bond behavior between fiber bundles and self-stressing concrete sheets and the bending
property of a TRSSC one-way sheet under four-point loading to understand the enhancement mechanism
associated with TRSSC. Bond test results show that the ultimate pull-out force increases with an increase
in the initial bond length. The bond behavior between textiles and self-stressing concrete is superior to
that between textiles and common concrete. The calculation formula of bond strength is established, and
the bending test results show that the cracking load of the TRSSC sheets is greater than that of textile
reinforced concrete (TRC) sheets. The cracking capacity and ultimate bearing capacity of TRSSC is ana-
lyzed, and the calculation results are congruent with the experimental results.

� 2015 Published by Elsevier Ltd.
1. Introduction

Textile reinforced concrete (TRC) is characteristically corrosion
resistant, anti-magnetic, and lightweight, and it can be used for
certain special structures [1,2]. However, its load capacity signifi-
cantly decreases at the concrete cracking point, and the debonding
phenomenon occurs in the textile and matrix interface because of
stress concentration. The crack behavior of TRC specimens depends
on the bond behavior between the fiber bundles and the concrete.
This study adopts a self-stressing concrete with a self-expansion
behavior to improve the bond behavior in TRC. The self-
expansion behavior is restrained by textiles in the hardening pro-
cess and produces self-pressure, which can significantly improve
the cracking load. The restrained matrix exerts a strong gripping,
which significantly improves the bonding property. The enhance-
ment mechanism of textile reinforced self-stressing concrete
(TRSSC) is quite different from that of TRC because of the self-
expansion behavior. Using the pull-out and four-point bending
tests on the TRSSC sheets and the TRC specimens for comparison,
this study discusses bond behavior and bending property. The
micro-morphology of the bond interface between the textile and
self-stressing concrete is observed through a scanning electron
microscopy (SEM) test. The calculation formula of the bond
strength is established based on Tepfers’ partly cracked thick-
walled cylinder model, and the bending mechanical behavior of
TRSSC one-way sheets is calculated and analyzed.
2. Materials and experimental procedures

2.1. Materials

2.1.1. Textile
The textiles used in this experiment consisted of both the warp and weft made

from alkali-resistant glass fibers using plain weaving methods. Given that epoxy
resin greatly improves the synergistic ability of textiles [3,4], the surface of the fiber
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Table 1
Property of alkali-resistant glass fiber.

Fiber type Number of fibers Tensile strength/MPa Elastic modulus/GPa Linear density/Tex Theoretical area/mm2

ARC13-2700H 9.2 1600 72 2700 0.975

Note: ARC13-2700H stands for alkali resistant continuous roving with fibrils diameter of 13 lm and linear density of 2700. Hmeans that the content of ZrO2 is more than 16%.

Table 2
Concrete mixture proportions.

Matrix Cement/kg m�3 Water/kg m�3 Fine aggregate/kg m�3 Coarse aggregate/kg m�3 Super plasticizer/kg m�3

SSC1 663 239 796 530 1.19
SSC2 625 281 500 750 0.93
C 663 239 796 530 1.19

Note: Self-stressing cement units were more than 550 kg m�3 because the SSC mix is designed to withstand a large self-stress value. This comprehensive consideration is
based on the expansion property and mixture performance.

Table 3
Mechanical property of the matrix.

Matrix type Compressive strength of 28d/MPa Flexural strength of 28d/MPa Free expansion rate/10�6

7d 21d 28d

SSC1 33 8.46 11,435 13,856 14,201
SSC2 35 7.83 6198 7620 7733
C 47 5.28 1125 250 �875

Note: The curing conditions for three types of mixes is 20 ± 2 �C, and the humidity is over 95%. The free expansion rate of 28 d is negative because of the common concrete
contraction process after the expansion in the process of hydration.

Table 4
Groups of specimens.

Matrix type Thickness/mm Bond length/mm Cover thickness/mm

SSC1(C) 15 20 7
30 7
40 7
50 7

20 20 10
30 10
40 10
50 10
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bundle was impregnated with epoxy resin to ensure that the fibers have strong syn-
ergistic force. Each textile grid had a space of 20 mm or 40 mm; the specific mate-
rial parameters are shown in Table 1.

2.1.2. Self-stressing concrete
The traditional mix ratio of self-stressing concrete must be optimized to

improve the bonding behavior of textiles and self-stressing concrete. Given the
small mesh size of the textile, the maximum grain size of coarse aggregates cannot
be larger than 16 mm. The flow ability of the matrix must be improved to ensure
that the concrete fully warps the textiles. Self-stressing cement uses level-4 safety
self-stressing cement [5]; Common cement uses P.O.42.5 cement. Three kinds of
concrete mixes are shown in Table 2 [6]. The common concrete mix was used for
the comparison test. The mix of SSC1 and C was used for the bond test, and that
of SSC1, SSC2, and C was used for the four-point bending test. The physical and
mechanical property of the three kinds of matrices is shown in Table 3.

2.2. Experimental procedures

2.2.1. Bond test
The ability of textiles and self-stressing concrete to coordinate with each other

is dependent on the bond behavior. Pull-out tests can realistically reflect the stress
distribution of the bond surface when a structure bears loads [7]. Pull-out tests
examine the influence of the initial bond length of a textile and the matrix on bond
behavior, thereby allowing the comparison of the common concrete matrix speci-
mens. The size of clamping fixture was designed with 50 mm to eliminate the influ-
ence of the clamp part of the bond test. First, the wooden molds of
800 mm � 400 mm � 20 mm and 800 mm � 400 mm � 15 mm are made. The mold
with the cover thickness is first made, and the textile is fixed on it, and the remain-
ing part of the mold is installed. The concrete is poured into the molds with the
slight vibration. The test sheets were sawn from 200 mm � 80 mm � 20 mm and
200 mm � 80 mm � 15 mm plate after the standard curing condition for 28 days.

The bond test was conducted on eight groups, each of which contained five
specimens (Table 4). The pull-out specimen for each cutting seam was reserved
as the fiber bundle. The electronic universal testing machine was used for loading
at a rate of 1.0 min/mm [8]. The load–displacement curve was obtained through
the Germany IMC dynamic testing system (Fig. 1).

2.2.2. Four-point bending test
The test sheet was sawn from a 400 mm � 120 mm � 20 mm metal plate. The

textile was laid at cover thickness distance from the bottom surface. The bending
test specimens were tested in nine groups, and each group consisted of four spec-
imens (Table 5). The electronic universal testing machine was used to apply the
load; the four-point bending test device is shown in Fig. 2. Load and displacement
sensors determine the load and span deflections. The load–displacement curve is
collected by the Germany IMC dynamic testing system. The loading method is dis-
placement control, and the loading rate is 0.3 mm/min [9]. Test is stopped when the
curve peak decreases significantly, or the first fiber bundle fractures (Fig. 3).
3. Results and discussions

3.1. Bond behavior

3.1.1. Effect of fiber bond length on bond behavior
The ultimate pull-out force increases when the initial bond

length is enhanced (Fig. 4). The friction resistance between the
fiber bundle and the self-stressing concrete is more serious
because of the longer bond length and larger contact area with
the matrix than those of between the fiber bundle and the common
concrete. When the embedded fiber bundle length is less than
30 mm, the fiber bundle can be slowly pulled out from the speci-
men (Fig. 5a). The surface of the fiber bundle displays wear condi-
tion. When the embedded fiber bundle length is more than 40 mm,
the curve appears to drop steeply (Fig. 5b). This finding indicates
that the fiber bundle cannot bear the load when the internal parts
of the fibers reach the ultimate load. During this process, a very
clear fracture sound occurs during the pull out.
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(a) (b)  

Fig. 1. Details of the pull-out test: (a) loading setup and (b) grips and specimen.

Table 5
List of specimens.

Matrix
type

Specimen
number

Cover thickness/
mm

Number of
fibers

Mesh
size

SSC1 S1-3-A 3 18.4 40 � 40
SSC2 S2-3-A 3 18.4 40 � 40
SSC1 S1-3-B 3 9.2 40 � 40
SSC2 S2-3-B 3 9.2 40 � 40
SSC1 S1-3-C 3 9.2 20 � 20
SSC2 S2-3-C 3 9.2 20 � 20
C C-3-A 3 18.4 40 � 40
SSC1 S1-8-A 8 18.4 40 � 40
SSC2 S2-8-A 8 18.4 40 � 40

Fig. 2. Four-point bending test.

Fig. 3. Sheet specimen after loading.
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3.1.2. Effect of the matrix type of ultimate pull-out force and energy
dissipation capacity

When the directional fiber bundle bond length is the same, the
ultimate pull-out force and energy dissipation capacity of the self-
stressing concrete matrix specimens are significantly greater than
that of the common concrete matrix specimens (Fig. 6). The ulti-
mate pull-out force of self-stressing concrete matrix specimens is
higher than that of the common concrete matrix specimens by
9–27% (Table 6), and the energy dissipation capacity of the
self-stressing concrete matrix specimens is higher than that of
the common concrete matrix specimens by 16–48% (Table 7).
The self-expansion behavior of the self-stressing concrete produces
self-stress because the textile in the hardening process restrains it.
The expansion of the self-stressing concrete produces radial com-
pressive stress on the fiber bundle, which increases the ultimate
pull-out force and the energy dissipation capacity. The bond
behavior between the textile and self-stressing concrete is superior
to that between the textile and common concrete.

3.1.3. Theoretical models of the bond strength between the fiber bundle
and self-stressing concrete

The calculation formula of the bond strength of reinforced con-
crete is derived from the experimental data regression [10–12].
Although these calculation formulas can reflect the bond strength
to a certain extent, the test is often on a specific concrete material
so that the scope of its application is limited. The calculation model
of bond strength under the friction effect is obtained in this study
based on Tepfers’ partly cracked thick-walled cylinder model [13].

The pull-out specimens can be analyzed using the method of
elastic mechanics as the thick-walled cylinder model under the
pressure distribution. The diagram of self-stressing concrete within
the scope of the unit length of the fiber bundle is shown in Fig. 7. P
is the constraint force between the fiber bundle and self-stressing
concrete; lP is the friction effect between the fiber bundle and self-
stressing concrete; the radial force is the uniform pressure P1 of the
self-stressing concrete; and the longitudinal force is the bond
strength s between the fiber bundle and self-stressing concrete. s
and P1 are calculated using Eq. (1).
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Fig. 4. Influence of the initial bond length on the bond between textile and self-stressing concrete: (a) plate thickness of 15 mm and (b) plate thickness of 20 mm.

Fig. 5. Results of the pull-out test for the fiber bundle: (a) pull-out failure and (b) tensile failure.

Fig. 6. Influence of the matrix on the bonding between textile and matrix: (a) plate thickness of 15 mm and (b) plate thickness of 20 mm.
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s ¼ lP; P1 ¼ P ð1Þ
Tension specimens use the elastic model of partly cracked

thick-walled cylinder (Fig. 8). P2 is the compressive stress of the
part of the self-stressing concrete that does not undergo cracking.
According to the elastic mechanics,
P1pd ¼ 2bpP2 ð2Þ
where d is the diameter of the fiber bundle, and b is the distance
from the center of the fiber bundle to the edge of the cracked
concrete.



Table 6
Comparison of the ultimate pull-out force results.

Specimen thickness/mm Bond length Results

la/mm FSSC,M/N FC,M/N FSSC,M/FC,M

D = 15 20 1127.74 888.52 1.27
30 1287.05 1087.01 1.18
40 1399.16 1281.55 1.09
50 1490.0 1326.50 1.12

D = 20 20 1053.28 911.57 1.16
30 1383.13 1106.90 1.25
40 1435.81 1209.50 1.19
50 1488.04 1314.31 1.13

Note: FSSC,M is the ultimate pull-out force of the self-stressing concrete matrix
specimens, and FC,M is that of the common concrete matrix specimens.

Table 7
Comparison of the energy dissipation capacity results.

Specimen thickness/mm Bond length Results

la/mm SSSC/N mm SC/N mm SSSC/SC

D = 15 20 7876.44 5376.76 1.46
30 9651.93 6521.69 1.48

D = 20 20 6684.15 5744.54 1.16
30 5583.20 4763.54 1.17

Note: SSSC is the area under the load–displacement curve of the self-stressing
concrete matrix specimens, and SC is that of the common concrete matrix
specimens.

Fig. 7. Stress unit of self-stressing concrete.

Fig. 8. Mechanical model of partly cracked concrete.
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The non-cracked part of the self-stressing concrete is equivalent
to the thick-walled cylinder with the effect of uniform internal
pressure P2. The circumferential tensile stress is calculated by Eq.
(3) [14]:
rh ¼ b2P2

c þ d=2ð Þ2 � b2 1þ ðc þ d=2Þ2
r2

" #
ð3Þ

where C is the protective layer thickness of the fiber bundle, and r is
the distance from the center of the specimen to any point on the
specimen.

The inner radius of the cracking concrete is d/2, and the outer
radius is b. The biggest circumferential tensile stress of the non-
cracked concrete should be located at r = b. Inserting r = b in Eq.
(3) and considering Eqs. (1) and (2), the calculation of rhmax can
be expressed by Eq. (4):

rhmax ¼ Pd
2b

ðc þ d=2Þ2 þ b2

ðc þ d=2Þ2 � b2 ð4Þ

The cracking strength of the self-stressing concrete is given by
Eq. (5):

rhmax ¼ f cr ð5Þ
By inserting Eq. (5) in Eq. (4), the following expression can be

obtained:

p
f cr

¼ 2b
d

ðc þ d=2Þ2 � b2

ðc þ d=2Þ2 þ b2 ð6Þ

The maximum cracking radius bmax can be obtained by Eq. (6)
and expressed by Eq. (7):

bmax ¼ 0:486ðc þ d=2Þ ð7Þ
By inserting Eq (7) in Eq (6), the maximum of P, which is given

by the following function, can be obtained:

p ¼ c þ d=2
1:664d

f cr ð8Þ

By inserting Eq. (8) in Eq. (1), the following bond strength for-
mula can be obtained:

s ¼ l c þ d=2
1:664d

f cr ð9Þ

The calculation formula of bond strength considers the cracking
strength of the self-stressing concrete and the friction coefficient of
the bond interface between the fiber bundle and self-stressing con-
crete, where fcr is related to the limited expansion volume of the
self-stressing concrete and l is the undetermined constant. The
bond test results show that the bond behavior between textile
and self-stressing concrete is superior to that of the textile and
common concrete. Therefore, l is related not only to the fiber sur-
face roughness, but also to the tight wrapping of the self-stressing
concrete on fiber bundle.

The test for directly measuring the friction coefficient is very
difficult to conduct because many factors influence the friction
coefficient. The value of the friction coefficient can be derived
through the statistical analysis of the test data and by considering
Eq. (9). The l value of the bond interface between the fiber bundle
and self-stressing concrete is 0.93, and the l value of the bond
interface between the fiber bundle and common concrete is 0.88.

3.1.4. Analysis of the electron microscopy test
3.1.4.1. Micro-morphology of the matrix. The test adopts the JSM-
6700 field emission SEM to observe the micro-morphology of the
matrix. The hydration minerals of sulpho-aluminate expansion
cement mainly includes ettringite (Aft), hydration alumina gel
(Al2O3�3H2O), and hydration calcium silicate gel (C–S–H). The fun-
damental cause of sulpho-aluminate expansion is the formation of
Aft. Aft is an acicular or hexagonal columnar crystal that produces
a significant volume expansion in its dense internal structure [15].
The expansion turns to self stress under restricted conditions



Fig. 9. SEM photograph of the self-stressing concrete matrix.

Fig. 10. SEM photograph of the common concrete matrix.

Fig. 12. SEM photograph of the fiber surface after the pull-out test.
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because of the crystallization pressure in the process of hydration
and hardening. No essential difference exists in the main hydration
products of expansion cement and common concrete. The expan-
sion of cement is caused by the crystallization pressure of Aft crys-
tals; thus, the quantity of the Aft crystals of expansion cement is
much more than that of common cement. The quantity of the Aft
crystals is high (Fig. 9), but finding an acicular or hexagonal colum-
nar crystal is difficult (Fig. 10). The self-stressing concrete matrix is
denser than common concrete matrix because the Aft crystals are
constrained by the textile in the process of formation. The fiber
wrapped tightly between the fiber bundle and self-stressing con-
crete is far higher than that between the fiber bundle and common
concrete, which improves the l value and greatly enhances bond
behavior. The expansion deformation of self-stressing concrete
Fig. 11. SEM photograph of the fiber surface before the pull-out test.
turns to self stress under the textile restriction, which leads to
the higher fcr value of the self-stressing concrete matrix specimens
than that of the common concrete matrix specimens.
3.1.4.2. Micro-morphology of the fiber bundle. The fiber surface is not
broken and is coated well by epoxy resin (Fig. 11). The external
part of the fiber is broken (Fig. 12). Some signal fiber monofila-
ments reaches the ultimate strength and break because of the tight
bond between the external part of the fiber bundle and self-
stressing concrete, which causes severe damage to the external
surface of fiber bundle. The broken position is obviously different,
which indicates that the stress level of the fiber bundle is not the
same, although the bundle is impregnated by epoxy resin. The
monofilament amplification of the SEM photo shows that, although
the stress degrees among the fiber monofilaments differ, the sur-
face wear of the fiber monofilament is not serious. The tensile
stress exceeds the tensile strength, thereby causing the fiber to
break; the fracture is even.
3.1.4.3. Micro-morphology of the bond interface between the fiber
bundle and concrete. The bond interface damage of the self-
stressing concrete matrix (Fig. 13) is more serious than that com-
mon concrete matrix (Fig. 14). The epoxy resin particles from the
fiber bundle surface (Fig. 13) are smaller and more dispersed than
that in Fig. 14. The surface of the epoxy resin-impregnated fiber
bundle is uneven and has many small cavities. The expansion
stress forces hydrates to penetrate these small cavities in the pro-
cess of self-stressing concrete hydration, and the bond between the
hydrates and the surface of fiber bundle becomes increasingly
dense, so that the mechanical interlocking effect fully assumes
Fig. 13. SEM photograph of the bond interface between fiber and self-stressing
concrete.



Fig. 14. SEM photograph of the bond interface between fiber and common
concrete.

Fig. 15. Influence of the common and self-stressing concrete matrices on slab
bending.

Table 8
Results of the bending tests.

Specimen
number

Cracking
deformation/
mm

Cracking
load/kN

Ultimate
load/kN

Limited
expansion
ratio/10�6

Self
stress
value/
MPa

S1-3-A 0.42 1.92 2.31 6075 1.07
S2-3-A 0.51 1.44 2.23 5325 0.89
S1-3-B 0.28 1.50 1.61 7750 0.67
S2-3-B 0.21 1.46 1.52 6625 0.58
S1-3-C 0.43 1.93 3.32 4525 0.81
S2-3-C 0.35 1.80 3.64 4075 0.71
C-3-A 0.16 0.95 2.30 . . . . . .

S1-8-A 0.35 1.71 1.84 5525 0.98
S2-8-A 0.32 1.34 1.70 4825 0.85

B. Wang et al. / Construction and Building Materials 107 (2016) 1–10 7
the role of increasing the l value to greatly enhance the bond
strength between the fiber bundle and self-stressing concrete.
The existence of increasingly large mechanical interlocking force
results in the significant destruction of the original dense matrix
in the pull-out process. Thus, the bond behavior between the tex-
tile and self-stressing concrete is superior to that between the tex-
tile and common concrete.

The microscopic points above show the existence of a large
number of Aft crystals. The expansion deformation of the self-
stressing concrete turns to self stress under textile restrictions;
thus, the fcr value of self-stressing concrete becomes greater than
that of common concrete. The volume expansion of self-stressing
concrete increases the density of the fiber bundle wrap. As a result,
the friction coefficient of the bond interface between fiber bundle
and self-stressing concrete becomes larger than that of the bond
interface between fiber bundle and common concrete. The bond
behavior between the textile and self-stressing concrete is superior
to that between the textile and common concrete, which agrees
with the experimental results.
3.2. Bending property

3.2.1. Influence of the matrix type on sheet bending property
The cracking load of the TRSSC sheet is significantly greater

than that of the TRC sheet (Fig. 15, Table 8). The cracking load of
the TRSSC sheet can reach 1.93 KN, whereas that of the TRC sheet
is only 0.95 KN, because self-stressing concrete hydration products
include a large number of Aft crystals. The volume expansion of Aft
crystals is limited by the fiber bundle, which produces pre-stress
and improves the cracking load of the bending sheet specimens.
Furthermore, the cracking load of the SSC1 mix proportion is larger
than that of the SSC2 mix proportion because the self-stressing
cement dosage of the SSC1 mix proportion is more than that of
the SSC2 mix proportion; thus, more Aft crystals are found in the
former than in the latter (Table 8). Under the same restrictions,
the self-stress value and cracking load of the specimen increase
with an increase in the limited expansion ratio of the SSC1 speci-
mens. The limited expansion is not uniform because the cover
thickness of the self-stressing concrete is thin and the textile is
close to the bottom of the specimen. As a result, an inner arch
appears, which becomes more obvious with more free expansion
in the self-stressing concrete specimens. Self-stressing concrete
sheet specimens must first cancel the inner arch effect in the
early-loading stage, so that the cracking deflection of the TRSSC
sheet specimens is greater than that of the TRC sheet specimens.
The ultimate loads of the three groups differ only slightly because
the pre-stress of self-stressing concrete does not improve the ulti-
mate bearing capacity (Fig. 15).

3.2.2. Influence of distribution textile rate on the bending property of
TRSSC sheet

The influence of the distribution textile rate on the bending
property of the TRSSC sheet is explored using a number of fiber
bundles and mesh sizes (Fig. 16, Table 8). For both the SSC1 and
SSC2 mix proportions, the total cracking deflection, cracking load,
and ultimate load increase with an increase in textile distribution
rates. Increasing the number of fiber bundles is one mechanism
of improving the distribution textile rate. A large rate increases
the restricted expansion of the TRSSC specimen and improves the
self-stress value. The cracking deflection and load eventually
increase with an increase in the self-stress value and inner arch.
At the same time, increasing the distribution rate can improve
the ultimate load. The distribution rate of the S1-3-A specimen is
twice that of the S1-3-B specimen. The self-stress value, cracking
deflection, cracking load, and ultimate load increase by 37%, 33%,
32%, and 30%, respectively.

3.2.3. Influence of cover thickness on sheet bending property
The cracking deflection, cracking load, and ultimate load

increase with a decrease in cover thickness (Fig. 17, Table 8). The
cracking deflection, cracking load, and ultimate load increase by
37%, 13%, and 24%, respectively, relative to those of specimen S2-
8-A. The textile has a strong limitation on a certain radius of the
concrete in the process of restricted expansion because the textile
is not uniformly distributed in the concrete. An increase in the



Fig. 16. Influence of the distribution textile rate on slab bending: (a) number of fibers of 9.2 and 18.4 and (b) grid size of 20 mm and 40 mm.

Fig. 17. Influence of the protective layer of 3 mm and 8 mm.

Fig. 18. Curve of the load vs. the displacement of the TRSSC beam.

8 B. Wang et al. / Construction and Building Materials 107 (2016) 1–10
cover thickness gradually weakens the limitation and decreases
the cracking deflection and cracking load. A decrease in cover
thickness increases both the effective section height and ultimate
load.
3.2.4. Analysis of the bending mechanical property of the TRSSC sheet
The loading process of the TRSSC beam differs from that of the

TRC beam, but the damage is similar because of pre-stress. The
entire loading process can be divided into two stages (Fig. 18).

The physical meanings of points A, B, C, D and E are releasing
pressure, eliminating tension stress, de-compression, section
cracking and section failure.

Stage 1: The curve of the AE segment is obtained by applying
the load to the appearing cracks. The AE segment is divided into
the upper edge concrete eliminating pull stage AB, eliminating arch
stage BC, the lower edge concrete de-compression stage CD, and
the section cracking stage DE. If self stress leads to surface pres-
sure, the AB stage is not necessary before loading.

Stage 2: The curve of the EF segment is derived from section
cracking to concrete crushing or textile breaking. Assuming that
the sheet is loading, the cross-section deformation is still in accor-
dance with the plane section assumption, and the calculation prin-
ciple of the normal section bearing capacity of the reinforced
concrete beam can be used for the TRC beam [16]. However, the
TRSSC specimens include additional property beyond those associ-
ated with the basic TRC process, thereby increasing the complexity
of the ultimate load calculation of TRSSC beam bending, which
considers not only the equilibrium equations of force and moment
but also the geometric equations of the section deformation.

The test sheet length to width ratio of the one-way slab is 3.3.
The class-A and class-B TRSSC sheets can be regarded as three par-
allel beams with a cross section of 40 mm � 20 mm. Without con-
sidering the interaction between the beams, the force of the three
beams is equal to the sheet force. The class-C TRCC sheets can be
regarded as six parallel beams with a cross section of
20 mm � 20 mm. Without considering the interaction between
the beams, the force of the six beams is equal to the sheet force.

The main damages to the TRSSC beam include crushed concrete
and broken textile because the balance failure probability is small.
All the test failures are textile breaks; thus, this study considers
only textiles that are broken prior to the crushing of concrete. At
this point, the compressive strain of the self-stressing concrete
compressive region does not reach the ultimate compressive
strain, and the equivalent coefficients a and b cannot be directly
selected in accordance with the specifications. The equivalent coef-
ficients a and b are calculated by Eqs. (10) and (11) [17]:

a ¼
essc
e0

� e2ssc
3e20

� �
1
b ; 0 < essc 6 e0

1� e0
3essc

� �
1
b ; e0 < essc 6 ecu

8><
>: ð10Þ

https://www.researchgate.net/publication/290484768_An_experimental_study_of_strengthening_of_initially_loaded_reinforced_concrete_beams_using_CFRP_sheets?el=1_x_8&enrichId=rgreq-dab38d9583ea20cf59dc0833331154ed-XXX&enrichSource=Y292ZXJQYWdlOzI4OTUwNDEwODtBUzozMTgwMTkxNzgzMDM0ODhAMTQ1MjgzMzA4ODY4NQ==
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Table 9
Values of equivalent coefficient a and b.

Compressive strain essc 0.0005 0.0006 0.0007 0.0008 0.0009 0.0010 0.0011 0.0012

a 0.275 0.324 0.371 0.416 0.460 0.501 0.540 0.577
b 0.679 0.681 0.684 0.687 0.689 0.692 0.695 0.698

Compressive strain essc 0.0013 0.0014 0.0015 0.0016 0.0017 0.0018 0.0019 0.002
a 0.613 0.646 0.678 0.707 0.735 0.761 0.785 0.807
b 0.702 0.705 0.708 0.712 0.716 0.719 0.723 0.727

Compressive strain essc 0.0021 0.0022 0.0023 0.0024 0.0025 0.0026 0.0027 0.0028
a 0.827 0.845 0.862 0.876 0.889 0.900 0.909 0.918
b 0.731 0.736 0.740 0.745 0.750 0.755 0.760 0.765

Compressive strain essc 0.0029 0.003 0.0031 0.0032 0.0033
a 0.925 0.931 0.937 0.942 0.946
b 0.771 0.776 0.781 0.785 0.790
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b ¼
4e0�essc
6e0�2essc ; 0 < essc 6 e0

2� 6e2ssc�e20
6e2ssc�2essce0

; e0 < essc 6 ecu

8<
: ð11Þ

In the above equations, essc is the self-stressing concrete com-
pressive strain, e0 is the self-stressing concrete compressive strain
corresponding to the peak stress, and ecu is the self-stressing con-
crete ultimate compressive strain.

First, two extreme-pressure strain values of the self-stressing
concrete compressive edge are selected, and the corresponding
equivalent coefficients a and b are derived (Table 9).

The height of the compressive zone x0 is determined by the sec-
tion assumption geometric Eq. (12):

x0 ¼ essc
essc þ e0fu

h0 ð12Þ

where h0 is the distance from the point of the tensile force to the
section compression edge and e0fu is the tensile strain of the fiber
bundle. Because of the bond stress effect of the fiber bundle and
the self-stressing concrete, the fiber bundle is the stretched e value,
which is determined from the limited expansion ratio. Thus, from
the loading up to the breaking of the fiber bundle, the elongated
length of the fiber bundle is calculated using Eq. (13):
Fig. 19. Bending stress distribution of TRSSC beam section: (a)

Table 10
Comparison of the cracking and ultimate loads of the calculation and experimental result

Specimen number Cracking load

Calculation result F j
cr/KN Experimental result Fscr/KN

S1-3-A 1.88 1.92
S2-3-A 1.69 1.44
S1-3-B 1.68 1.50
S2-3-B 1.54 1.46
S1-3-C 1.68 1.93
S2-3-C 1.61 1.80
C-3-A 0.85 0.95
S1-8-A 1.60 1.71
S2-8-A 1.47 1.34
e0fu ¼ efu � e ð13Þ

efu is the ultimate tensile strain of the fiber bundle.
The balance equation of the force is given by the following func-

tion according to Fig. 19:

x0 ¼ nEf e0fuAf

af sscbb
ð14Þ

where x0 is the height of the compressive zone, n is the number of
textile warp fiber bundles, Ef is the tensile elastic modulus of the
warp fiber bundle, e0fu is the tensile strain of the fiber bundle, Af is
the theory section area of the single fiber bundle, fssc is the
compressive strength of the self-stressing concrete matrix, b is the
beam section width, and a and b are the equivalent coefficients.

If the results of Eqs. (12) and (14) are different, the dichotomy is
used to readjust the essc value until the equations are approxi-
mately equal.

After obtaining the x0, the ultimate bearing capacity Mu of the
TRSSC beam can be expressed as Eq. (15) [18]:

Mu ¼ af sscbx0b h0 � bx0=2ð Þ ð15Þ
The cracking moment Mcr of the TRSSC beam is expressed by

Eq. (16):
section of TRSSC beam and (b) section of equivalent stress.

s.

Ultimate load

F j
cr=F

s
cr Calculation result F j

u/KN Experimental result Fsu/KN F j
u=F

s
u

0.98 2.82 2.31 1.22
1.17 2.87 2.23 1.28
1.12 1.48 1.61 0.91
1.05 1.46 1.52 0.96
0.87 2.88 3.32 0.87
0.89 2.90 3.64 0.79
0.89 2.95 2.30 1.28
0.94 1.39 1.84 0.76
1.10 1.38 1.70 0.81
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Mcr ¼ M1 þM0
cr ð16Þ

where M1 is the elimination pressure moment, M0
cr is the cracking

moment of the non-self-stressing concrete beam, and M1 is given
by Eq. (17):

M1 ¼ f fue
efuAc

1þ e0ð ÞW ð17Þ

where ffu is the ultimate load of fiber bundle, Ac is the section area of
the beam, e0 is the eccentricity, and W is the section resistance
moment. The calculated cracking and ultimate moments are trans-
formed into the corresponding cracking and ultimate loads
(Table 10).

The theoretical calculation values of the cracking load are within
an error range of 2–17% against the experimental values (Table 10).
The theoretical calculation values of the ultimate load have an error
range of 9–28% relative to the experimental values. The calculation
values of the cracking load are generally much closer to the experi-
mental values than to the ultimate load calculations. According to
Eq. (17), the cracking load calculation values are related to the e
value, which is determined by the limited expansion ratio and has
no relationwith the plane section assumption. Therefore, the calcu-
lation and experimental values of the cracking load do not differ sig-
nificantly. The plane section assumption is not established from the
concrete cracking to the ultimate state. The fiber bundle is not bro-
ken at the same time, thereby causing the calculation and experi-
mental values of the ultimate load to vary substantially.

4. Conclusions

The expansion of the self-stressing concrete improves the bond
behavior between the textile and concrete, which increases the
ultimate pull-out force and the energy dissipation capacity.

(1) The SEM test results indicate that the bond behavior
between textile and self-stressing concrete is superior to
that between textile and common concrete.

(2) The cracking load of the TRSSC sheet is related to the water
cement ratio of self-stressing concrete, cover thickness, and
distribution textile rate.

(3) The calculations of the cracking and the ultimate loads of
TRSSC sheet must consider the force equilibrium and defor-
mation geometric equations. This study proposes the calcu-
lation formula of the TRSSC elimination pressure moment,
which is congruent with the experimental results.
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