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Abstract

Firstly, according to the theoretical analysis, the force mechanism and failure modes were assured for the bond behav-
ior between grout and steel rebar. Then, a pull-out experiment was exerted to probe the bond behavior develop-
ments of specimens after exposed to 500 °C. It is found that the mixed measures of pre-drying and slow elevating
rate, i.e,, 5 °C/min, inhibits the explosive spalling in grout with compressive strength of 76.7 MPa. In addition, there are
two failure modes including the steel rebar fracture and the bond slip failure in the test. Based on the elevated tem-
perature, compressive strength of post-fire grout, diameter of steel rebar and its embedment length, a new expres-
sion has been built to calculate the bond strength between grout and steel rebar of post-fire specimens. Furthermore,
the finite element simulation is employed to investigate the bond behaviors of pull-out specimens after exposed to
elevated temperatures up to 500 °C. The steel rebar fracture is captured firstly in the pull-out test simulation. Moreo-
ver, it is found that the peak slips increase and peak loads decrease along with the temperature elevating. Finally, it is
proposed that the crucial elevated temperatures of the failure mode change should be 300, 300 and 400 °C for the
specimens with embedment lengths of 6, 7 and 8 times diameter of steel rebar with diameter of 16 mm, respectively,
which is beneficial for evaluating the fire safety of the existing structure elements.
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1 Introduction

Nowadays, based on the advantages of reliable mechani-
cal behaviors, wide adaptability and easy installation, the
grouted sleeve connection became to the mainstream
method for steel rebar splicing in precast concrete struc-
tures (Zhang et al., 2018). Application of the connection
technology could accelerate the speed of erection, signifi-
cantly reduces required rebar lap length, and guarantees
higher quality assurance (Ling et al., 2008). According to
the mechanical behaviors of the connection were not less
than these of the connected rebars, the steel rebar frac-
ture outside the sleeve could be defined as a required
failure mode, which enhanced the reliability of the
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connection. It was found that the reliability of the con-
nection mainly depended on the bond strengths of grout-
to-sleeve and grout-to-rebar (Zheng et al., 2016). As the
most important performance of the grouted sleeve con-
nection, the bond strength between grout and steel rebar
affected the structural performance of precast concrete
structures with grouted sleeve connections significantly
(Hosseini & Rahman, 2016; Kim, 2012). It has been found
that the bond strength increased almost proportionally
with the increment of grout compressive strength and
enhanced by the use of spliced rebar and spiral with small
diameter (Hosseini & Rahman, 2016; Liu et al., 2020;
Zhang et al., 2018; Zhu et al., 2021). Through multiple
regression analysis on the collected data, an equation
has been built to calculate the confining pressure from
sleeve by Kim (2012), which was used to estimate the
bond strength between grout and steel rebar. Moreover,
according to the pull-out test results, an expression has
been fitted to calculate the bond strength between grout
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and steel rebar based on the grout compressive strength,
rebar diameter and the embedment length of rebar (Liu
et al,, 2021). However, these researches only focused on
the bond behaviors of grout and rebar at ambient tem-
perature, and little investigation was reported on the
force mechanism between grout and steel rebar.

Fire is the common and frequent disaster threatening
the public safety. It is well-known that elevated tempera-
tures degrade the mechanical behaviors of materials and
loosen the micro-structure of cement-based materials
especially, which decrease the bond strength between
steel rebar and cementitious material. Therefore, based
on the prementioned results at ambient temperature
(Liu et al., 2021), the present paper focused on the ele-
vated temperature effects on the bond behaviors of grout
and steel rebars by a pull-out test and formed an equa-
tion of bond strength between grout and steel rebar by
taking elevated temperature into account. Then, a finite
element method with Abaqus soft was exerted to simu-
late the pull-out test specimens after exposed to elevated
temperatures. After verification by the results of test,
the simulation method was further used to investigate
bond behaviors of post-fire specimens in the pull-out
test, i.e., the critical temperature of failure mode change,
which would be beneficial for evaluating fire safety of the
existed structures. Therefore, a theory analysis was used
to find out the failure mode types firstly by determin-
ing the force mechanism between grout and steel rebar
when the pull-out specimen was under incremental ten-
sion. Thus, the bond behaviors of grout and steel rebar
from post-fire specimens were investigated by combined
methods of theory analysis, pull-out test and simulation
in the present paper, which would be helpful to forming
the method for calculating bearing capacity of grouted
sleeve connections and evaluating the fire safety of exist-
ing structure elements.

2 Force Mechanism Between Grout and Steel
Rebar

Taking the pull-out test for example, it was found that

the force mechanism between grout and steel rebar was

influenced by three features, i.e., compression between

grout and rib of steel rebar, restraint of loading setup and

lateral restraint.

2.1 Compression Between Grout and Rib of Steel Rebar

Configurations of pull-out specimens are shown in
Fig. 1a, and include two parts, i.e., grout cubic block and
steel rebar. When the tension F is applied to the load-
ing end of the rebar, the rib extrudes grout and forms a
resultant force R on the surface of rib as shown in Fig. 1b.
The resultant force R could be divided into the longitu-
dinal component named R, and the normal component
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named R,,. The R, constitutes the shear stress or bond
stress between the grout and steel rebar, which is bal-
anced by the bond strength that consisted of chemical
bond action, friction and mechanical interlocking. In
addition, the R causes the mutual separation between
grout and steel rebar and leads to circumferential ten-
sile stress fj in the grout cubic block, which is balanced
by the tensile strength of grout, as shown in Fig. 1c. In
addition, the chemical bond action and the friction were
affected, i.e., weaken and even vanish, by the mutual sep-
aration, which also decreased the efficient shear area on
the ribs (Ling et al., 2008). Finally, the only residual part
is the mechanical interlocking to form bond strength
to balance the shear stress. Therefore, the bond bearing
capacity between grout and steel rebar decreases.

2.2 Restraint of Loading Setup

It is well-known that specimens are located at a steel
plate of loading setup in the pull-out test (Eligehausen
et al,, 1983; Li et al., 2004; Xiao et al., 2009), as shown in
Fig. 2a. Then, the steel rebar was gone through the hole
reserved in the middle of the steel plate, and its bottom
was fixed as the loading end. There is uniform pressure
q on the surface of grout cubic block from support of the
steel plate, which is used to balance the load from load-
ing end of steel rebar as shown in Fig. 2b. The pressure
q combined with R, squeeze the grout along the longi-
tudinal direction, which brings about the grout in the
range of steel rebar embedment length under compres-
sion. Under the Poisson’s ratio effects, the grout is close
to the surface of the steel rebar, which enhances the bond
strength between grout and steel rebar. Furthermore, the
mutual separation of grout and steel rebar is inhibited
to a certain degree by the friction f from the contact of
grout cubic block and the steel plate, which means that
restraints are imposed to the lateral side of cubic block
as exhibited in Fig. 2c. Therefore, the grout is under
compression from longitudinal and lateral side of cubic
block when the block is installed directly to the top of a
steel plate in the loading setup, which increases the bond
strength between grout and steel rebar and is used to
form the stress state of grout in the later finite element
simulation analysis.

2.3 Lateral Restraint

The mutual separation between grout and steel rebar is
inhibited by the lateral restraint in the form of surface
pressure p; and (or) p, as shown in Fig. 3a or wrapping by
FRP (Tastanil & Pantazopoulou, 2010; Xu et al., 2012), or
the rebar and grout with sleeve embedding into the struc-
tural specimens, i.e., beams (Zhou et al., 2017), as shown
in Fig. 3b. Therefore, the bond strength is enhanced by
the lateral restraint increasing the interfacial friction
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and shear area on the top of ribs. The external load F is
delivered into the internal position of grout till the end
of embedment length of rebar by the bond strength, and
then is balanced by the tensile strength of the grout in
the part of specimen without steel rebar. Thus, the force
mechanism of pull-out test specimen would be different
corresponding to the specimens under different loading
regimes and restraining conditions.

2.4 Failure Modes

Based on above-mentioned force mechanisms, it was
found that the failure modes of pull-out test specimens
should contain the following types. The first one is the
split characterized by the longitudinal cracks along with
the lateral surfaces of the grout cubic block as exhibited
in Fig. 4a. The longitudinal cracks derive from the devel-
opment of transversal surface cracks caused by the cir-
cumferential tensile stress beyond the tensile strength
of grout when the external load F increases. Then, the
steel rebar is pulled out from the grout cubic block and
pumping area is left in the cubic block, and the test is
terminated. The second one is the bond slip failure mode
characterized by the grout adhered to the steel rebar
together being pulled out of the grout cubic block as
shown in Fig. 4b. The adhering grout is from the grout
keys sheared off among steel rebar ribs when the exter-
nal load is continuing increasing till the peak load, which
breaks the mechanical interlocking. Then, the steel rebar
with the sheared-off grout keys is pulled out of the grout
cubic block slowly and a pumping area is also left in the
cubic block. The third one is the steel rebar fracture char-
acterized by the steel rebar breaks outside the grout cubic
block as shown in Fig. 4c. The steel rebar fracture means
that the bond bearing capacity between grout and steel

rebar is larger than the tensile bearing capacity of the
steel rebar, and is a required failure mode in the practi-
cal engineering. There was a special failure mode naming
plug failure by Zhou et al. (2017) as shown in Fig. 4d. The
plug failure may occur during the pull-out test without
steel plate upon the loading ending of steel rebar when
the steel rebar is bonded by the high-strength cementi-
tious material and the low-strength cementitious mate-
rial is bonded by the high one, which means that the steel
rebar is in the core of the specimen, the high-strength
cementitious material like grout is the middle part of
specimen and the low one like common concrete is out-
side of the specimen. Based on the wedging effect of ribs,
the steel rebar with cone grout close to the loading end
of rebar is pulled out of the grout cubic block when the
result force R is larger than the resisted punching shear
capacity of oblique section along with the normal direc-
tion of rib slope in the grout cubic block. In pace with
the pulling out of steel rebar, there is also a pumping
area leaving in the residual grout cubic block as shown
in Fig. 4d.

3 Bond Behaviors of Post-fire Specimens
by Pull-out Tests

3.1 Effects of Elevated Temperature

Mechanical behaviors of cement-based material were
affected by the elevated temperature. It has been found
that the compressive strength of grout decreased along
with the temperature elevating (Zhang et al., 2018),
which had obvious effects on the bond strength between
grout and steel rebar. As the water evaporated, the pores
and capillary cracks were left in the grout after exposed
to elevated temperature, which was investigated by the
scanning electron microscope method (Zhu et al., 2020).
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Based on gel materials being disintegrated and leading
to serious internal cracks in grout, Zhu et al. (2020) has
found that residual compressive strength of grout speci-
mens after exposed to 600 °C was about 27% of that at
ambient temperature and bond behaviors decreased,
which led to the steel rebar being pulled out of the sleeve
from the steel rebar fracture outside of grouted sleeve
connection at ambient temperature. Therefore, compared
to the specimens at ambient temperature, it is safely
concluded that the bond bearing capacity of the post-
fire specimens decrease and failure modes will change
to other types. Taken the reliability of specimens being
decided by their failure modes into account, it is neces-
sary to find out the critical temperature of failure modes

changing, which is important to design the pull-out test
specimens in the future and study the bond behaviors
between grout and steel rebar.

3.2 Programs of the Test

Combined with the 27 specimens at ambient tempera-
ture by the author (Liu et al., 2021), there were three
groups with nine specimens adding, i.e., 36 specimens,
to investigate temperature effects on the mechanical
behaviors of grout and steel rebar in present paper. It is
well-known that 400 °C is the critical temperature when
mechanical behaviors change for cementitious materials.
In addition, it was found that the mechanical behaviors
almost were the same as these at ambient temperature
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Table 1 Design of the specimens.

Label d/ I, (*d/ f.f/  Temperature/°C  Quantity
mm mm) MPa

GBS 12-5d- 12 5d/60 76.7 500 3

500

GBS 16-7d 16 7d/112 76.7 20 3

GBS 16-7d- 16 7d/112 76.7 500 3

500

when the elevated temperature was no more than 400 °C,
but changing to another state after the specimen was
exposed to 600 °C (Liu et al.,, 2020; Xiao et al., 2009).
Thus the elevated temperature with 500 °C was chosen
to make sure the failure mode change occurring to the
specimens in this paper. Features of specimens are listed
in Table 1. Taking the specimen labeled GBS-12-5d-500
for example, GBS represents pull-out test, 12 is the steel
rebar with diameter of 12 mm, 5d means 5 times diam-
eter of steel rebar, and 500 is the specimen after exposed
to 500 °C. In addition, d, [, and f , represent diameter of
steel rebar, embedment length of steel rebar and com-
pressive strength of grout, respectively, in Table 1. The
closed furnace with maximum temperature of 1000 °C
and rated power of 36 kW was used to carry out the ele-
vating test in Fire Safety of Engineering Structures Test-
ing Division of State Laboratory for Disaster Reduction
in Civil Engineering of Tongji University. The specimens
were elevated to the target temperature of 105 °C firstly
and 500 °C subsequently with heating rate of 5 °C/min,
both of which were held for 120 min in the heating test.
Then, the power switch was turned off and the specimens
were not picked out until being cooled to ambient tem-
perature to exert the loading test. The loading test was
controlled by displacement and terminated after the dis-
placement at free end of steel rebar up to 20 mm or the
load declining to 0.3 times of the peak load. Moreover,
the displacement at free end of steel rebar was collected
by Linear Variable Differential Transformer as slip and
the output force from the loading setup shown in Fig. 5
was regarded as load during the pull-out test.

3.3 Analysis on the Test Results

The grout cubic block with compressive strength of
76.7 MPa are kept completely, i.e., smooth surface and
intact edges after heating up to 500 °C, but the surface
color changes from general gray to gray white, as shown
in Fig. 6. Therefore, explosive spalling of cement-based
material with high compressive strength was inhib-
ited during the heating process. According to the pre-
mentioned failure feature owning to the specimen after
loading, it was found that there were two types failure
modes of the specimens after loading. The steel rebar
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Fig. 5 The loading setup.

fracture and bond slip failure occur to specimens labeled
GBS 16-7d and post-fire specimens labeled GBS 12-5d-
500 and GBS 16-7d-500, respectively, as shown in Fig. 7,
which means that the elevated temperature has obvious
effect on the failure modes of pull-out test specimens.
Taking the specimens GBS 16-7d and GBS 16-7d-500
for example, the failure mode changed from the steel
rebar fracture to the bond slip failure after the specimens
exposed to 500 °C.

Curves of load (F)-slip (s) are exhibited in Fig. 8a—c. It
is found that the curves of specimens contain ascending
and declining segments. The ascending segment char-
acterized by linear development is nearly close to each
other in the same group. The declining segment of speci-
men with the steel rebar fracture drops sharply after the
curve of F—s up to the peak point as shown in Fig. 8a.
However, the declining segment of specimen with the
bond slip failure decreases slowly and nonlinearly beyond
the peak point of the F-s curve, and then approaches to a
horizontal line after the slip exceeding 5 mm as exhibited
in Fig. 8b and c. The development of the horizontal line
represents the classic feature that the load is balanced by
the friction as bond strength of the specimen with bond
slip failure. Taking the feature of F—s curves and the fail-
ure mode into account, it was found that post-fire speci-
mens were the same to that, i.e., GBS 12-3d, GBS 16-4d
and GBS 18-5d, etc., at ambient temperature from Liu
et al. (2021). Therefore, the bond-slip constitutive rela-
tionship of post-fire specimens with bond slip failure is
the same to that by Liu et al. (2021), as shown in Fig. 8d.
In addition, the peak load and its corresponding slip and
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(a) d=12mm (b) d=16mm

Fig. 6 Features of specimens after exposed to 500 °C.

the residual load, namely, the load at the slip of 7.5 mm 7 f
(Liu et al., 2021), are listed in Table 2. fig =18.88 +0.78 x T T 20)3‘9? 186 % 10-1"
Based on the peak loads from Table 2, the bond 8 ( e eh 3)

strength of specimen group was calculated by Eq. (1).
Moreover, combined with the 27 specimens at ambient
temperature (Liu et al., 2021), an expression has been
built to calculate the bond strength including post-fire
specimens by fitting analysis, which was listed as Eq. (2).
The residual compressive strength of grout could be . )
calculated by Eq. (3) from Zhu et al. (2020). The bond vated temperatu.rf: T, re;pectlvely; T is the elevated tem-
strength of specimen labeled GBS 16-7d is 25.1 MPa by ~ Perature.In addition, f.; could be from Eq. (3).
the new built Eq. (2), which is higher than that test value
of 20.6 MPa. The calculated result shows that the bond 4 Simulation Analysis of Post-fire Specimens
strength from test is the low limited value for the speci- 4.1 Parameters for Analysis
men with the steel rebar fracture, thus Eq. (2) is correct ~ The simulation analysis focused on the specimens labeled
and feasible. In addition, it was found that the residual GBS 12-5d-500, GBS 16-7d and GBS 16-7d-500 firstly,
compressive strength from Eq. (3) should be enlarged 1.5  and then the test results were used to verify the shape of
times to calculate the bond strength by Eq. (2) for simula- ~ F—s curves, peak load and failure mode from simulation
tion, which made the bearing capacity of specimens from analysis. Furthermore, taking the specimen with steel
simulation agreed with the test results well: rebar diameter of 16 mm, i.e., d=16 mm, and its embed-
ment length of 6d, 7d and 84, respectively, for example,
_ F ) a 2 finite element simulation using the Abaqus soft was
mdly exerted to investigate the crucial temperature of failure
mode change, which was important to design the pull-
Tu_ _ 39 805. 40415 70273, out test specimen and beneficial for the fire safety design
\/f?g b (2)  of grouted sleeve connections.

where 7 and 7, are bond stress and bond strength, respec-
tively; F is the load output from the loading setup; d and
I, are diameter of steel rebar and its embedment length,
respectively; f., and fcg are compressive strength of
grout at ambient temperature and after exposed to ele-
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(c) GBS 16-7d-500

Fig. 7 Types of failure modes.

(d) GBS 16-7d-500(Views from above)

4.2 FE Models for Simulation

FE models were created by Abaqus soft for the pull-
out test specimens. The grout and steel rebar were
simulated using the element characterized 8-node lin-
ear brick, reduced integration with hourglass control
(C3D8R). The zero-thick 8-node three-dimensional
cohesive element (COH3D8) with the traction-sepa-
ration law was used to simulate interface between the
grout and steel rebar. The compressive constitutive
relationship of post-fire grout was from Liu et al. (2022)
and the tensile constitutive relationship of post-fire
grout was based on the same strength grade concrete
in GB 50010-2010 (2015), which are listed in the first
and third quadrants of coordinate system as shown in
Fig. 9a. In addition, o, and o; are the peak stresses of

grout under compression and tensile, and &9 and ;9 are
the strains corresponding to the peak stresses of grout
under compression and tensile, respectively. Based on
the test result data by Liu et al. (2022), the axial com-
pressive constitutive relationship of post-fire grout and
its coeflicients are fitted into expressions (4), (5) and
(6), respectively. The constitutive model of steel rebar
is elastic—perfectly plastic model as shown in Fig. 9b,
and f, and ¢, are the yield strength and the correspond-
ing strain of steel rebar. The yield strength and elastic
modulus of post-fire steel rebar were calculated by the
method supplied by Yu et al. (2005), which proposed
that elastic modulus and vyield strength of the steel
rebar after exposed to up to 350 and 400 °C be the same
to these values at ambient temperature, respectively,
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Table 2 Mechanical behavior parameters of specimens with the bond slip failure.

Label Peak load (F,)/kN Peak slip(sg)/mm Residual load (F,)/kN
Individuality Average Individuality Average Individuality Average
GBS 12-5d 52.1 523 132 117 17.01 213
500 479 083 17.23
56.9 136 29.78
GBS 16-7d 107.8 106.4 1.18 1.22 19.93 397
500 1025 135 51.18
108.9 1.12 4812

and decrease along with the elevated temperature
increasing. It is usually to use bi-linear model as the
constitutive relationship of cohesive element (Teng
et al., 2015; Xiao et al., 2021), which is shown in Fig. 8d.
Moreover, the peak bond stress of the model is from
Eq. (2) according to the design parameters of speci-
mens. In addition, the peak slip s, corresponding to the
peak stress was defined to be the same to the value at
ambient temperature when the elevated temperature

was no more than 400 °C and increased linearly as
the elevated temperature beyond 400 °C (Xiao et al.,
2014). Thus, the FE model is set up as shown in Fig. 10.
It should be noted that the rectangle box behind the
steel rebar is used to show the range of unbonded area
between the steel rebar and grout, and the rebar in the
unbonded area is deleted to speed the simulation analy-
sis, as shown in Fig. 10b. Taking the specimen labeled
GBS 12-5d-500 for example, the maximum size of
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Fig. 10 FE model for simulation analysis.
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element is 20 mm and the total element is 3440, and the
FE model is shown in Fig. 10a.

2
_Jax*+bxx <10
y_{xc x>1.0" ()

a = 0.0006T — 0.2376
b = —0.0006T + 1.2376, (5)
¢ = —0.0007T — 0.4842

ET
—£ = _0.146InT + 1.4355, (6)
Eg

where a, b and ¢ are the coefficients of axial compres-
sion constitutive model for post-fire grout (Liu et al,
2022); € divided by g, is x and o divided by o, is y; o and
€ are stress and strain; o, and gor are peak stress and
its strain; E; and EgT are the elastic modulus of grout at
ambient temperature and after exposed to elevated tem-
perature; T is the elevated temperature.

4.3 Verification

Curves of F-s named Abaqus are added to Fig. 8a—c and
the failure features from simulation specimens are shown
in Fig. 11. It is found that shapes of F-—s curves from sim-
ulation are similar to these test curves and the ascending
segments are consistent to each other well. In addition,



Liu et al. Int J Concr Struct Mater (2022) 16:36

Page 11 of 14

Y

Y

QODB: Job-12-5d-500.0db  Abaqus/Standard 3 1
A Step: Step-1 z

z X Increment 32: Step Time = 1.000

(a) GBS 12-5d-500

”

Y
Y
CDB: Job-16-7d.odb  Abaqus/Standard 3DEXPE z ‘_i
.l‘ Step: Step-1

X Increment 119: Step Time =  1.000

(c) GBS 16-7d

Y
ODB: lob-16-7d-500.0db  Abaqus/Standard 3( ‘_;
,L Step: Step-1 z

X Increment 193: Step Time = 1.000

(e) GBS 16-7d-500
Fig. 11 Failure features of simulation specimens.
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peak loads of simulation specimens labeled GBS 12-5d-
500, GBS 16-7d and GBS 16-7d-500 are generally lower
than these test results, i.e., 1.004, 0.952, 0.873 times of
the latter, which shows that the simulation result is prone
to safety. According to Fig. 11d, it is found that the rec-
tangle box area behind steel rebar of specimen labeled
GBS 16-7d is the same to that shown in Fig. 10b, which
means that there is no slip between steel rebar and grout
occurring to the simulation specimen labeled GBS 16-7d
with the steel rebar fracture. However, ranges of rectan-
gle boxes of simulation specimens labeled GBS 12-5d-
500 and GBS 16-7d-500 become larger than that shown
in Fig. 10b in longitudinal direction, and the enlarge
area has smooth surface, which means that a relative

displacement, i.e., slip, occurs to the interface between
grout and steel rebar. In addition, the steel rebar still
remains intactness when the loading process is com-
pleted. Therefore, it is safe to conclude that the bond slip
failure occurs to the simulation specimens labeled GBS
12-5d-500 and GBS 16-7d-500. Finally, it is found that
the failure modes of simulation specimens labeled GBS
16-7d, GBS 12-5d-500 and GBS 16-7d-500 are the same
to these test results. Combined with the F-s curves, peak
loads and failure modes of simulation analysis, it can be
safely concluded that the simulation method is feasibility
and correct. In addition, the rectangle box behind steel
rebar shape is an important index to distinguish the fail-
ure modes of pull-out test specimens.
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4 ODB: Job-16-6d-300.0db  Abaqus/Standard 3DEXPERIENCE R2019x Thu 2
z Step: Ste|

ep-1
Increment 128: Step Time = 1.000

(a) GBS 16-6d-300

—

ODB: Job-16-7d-300.0db  Abaqus/Standard 3DEXPERIENCE R2019x We
z 4 Step: Step-1
Increment 125: Step Time = 1.000

(c) GBS 16-7d-300

—-

z..l

ODEB: Job-16-8d-400.0db  Abaqus/Standard 3DEXPERIENCE R2019x  Wed 2
Step: Step-1
Increment  140: Step Time =  1.000

(e) GBS 16-8d-400
Fig. 12 Failure features of simulation specimens.

ODB: Job-16-6d-400.0db  Abaqus/Standard 3DEXPERIENCE R2019x Thu 2
z Step: Step-1
Increment 160: Step Time = 1.000

(b) GBS 16-6d-400

ODB: lob-16-7d-400.0db  Abaqus/Standard 3DEXPERIENCE R2019x  Wed
Step: Step-1
Increment 223: Step Time =  1.000

(d) GBS 16-7d-400

ODB: lob-16-8d-500.0db  Abaqus/Standard 3DEXPERIENCE R2019x Tue A
Step: Step-1
Increment 220 Step Time = 1.000

(f) GBS 16-8d-500

4.4 Varying Parameters in Simulation Analysis

Taking the specimens with steel rebar diameter of
16 mm (d=16 mm) and embedment lengths of 6d,
7d and 8d (l,=6d, 7d and 8d) as research objects, the
effects of elevated temperature up to 500 °C on bond
behaviors were investigated by simulation analysis on
pull-out test specimens. Failure features and F-s curves
of simulation specimens are exhibited in Figs. 12 and
13, respectively. It is found that the steel rebar frac-
ture occurs to the simulation specimens labeled GBS
16-6d-300, GBS 16-7d-300 and GBS 16-8d-400 as
shown in Fig. 12a, c and e. Ranges of rectangle boxes
are enlarged and the enlarged part is smooth in the
simulation specimens labeled GBS 16-6d-400, GBS
16-7d-400 and GBS 16-8d-500, which means that slips

occur to the interface between grout and steel rebar.
According to Fig. 13d, F-s curves of the simulation
specimens labeled GBS 16-6d-400, GBS 16-7d-400
and GBS 16-8d-500 are similar to the test results of
specimens labeled GBS 12-5d-500 and GBS 16-7d-500
shown in Fig. 8b and c. Therefore, combined with the
steel rebar intact, it can be concluded that the bond slip
failure happens to the simulation specimens labeled
GBS 16-6d-400, GBS 16-7d-400 and GBS 16-8d-500.
Consequently, it is proposed that the crucial tempera-
tures of failure mode change be 300, 300 and 400 °C for
pull-out specimens with steel rebar diameter of 16 mm
(d=16 mm) and embedment lengths of 6d, 7d and 84
(l,=6d, 7d and 8d), respectively, which means that the
failure mode of specimens will change from the steel



Liu et al. Int J Concr Struct Mater (2022) 16:36

Page 13 of 14

120 120 r F/kN
100 100
80 80
——GBS-16-6d-AT ——GBS-16-7d-AT
60 -8 GBS 16-6d-200 60 —=—GBS 16-7d-200
40 ——GBS 16-6d-300 40 ——GBS 16-7d-300
20 20
s /mm s /mm
0 : : : ' 0 ' ' ' '
5 10 15 20 0 5 10 15 20
(a) GBS 16-6d (b) GBS 16-7d
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(c) GBS 16-8d (d)GBS 16-6(7)d-400 5 GBS 16-8d-500
Fig. 13 F-s curves of simulation specimens.
rebar fracture to the bond slip failure when the elevated 3. At ambient temperature, the steel rebar fracture
temperature exceeds the crucial temperature. occurs to specimens labeled GBS 12-5d and GBS
16-7d in the pull-out test, but the failure mode of
5 Conclusions specimens labeled GBS 12-5d-500 and GBS 16-7d-
The bond behaviors between grout and steel rebar were 500 is the bond slip failure.
investigated by theory analysis, the pull-out test and 4. Based on the effects of the elevated temperature,
finite element simulation, which focused on the ele- compressive strength of grout, diameter and embed-
vated temperature effects in present paper. The results ment length of steel rebar, an equation of bond
and suggestions are as follows: strength between grout and steel rebar for post-fire
specimens is built by fitting analysis of the data from
1. Force mechanism of interface is brought out by the test.
bond action between grout and steel rebar, and the 5. The full failure process of rebar fracture could be cap-
failure modes mainly contain three types, namely, the tured by simulation analysis, which is the important
split, the steel rebar fracture and the bond slip failure. sign to distinguish the failure mode of specimens.
Taken the loading regime, compressive strength of 6. It is proposed that the crucial temperature of failure

grout and lateral restraint into account, plug failure
may occur to specimens of pull-out tests.

2. Combined with pre-drying 120 min at 105 °C and
the low heating rate with 5 °C/min, explosive spalling
of high-strength grout (76.7 MPa) is inhibited dur-
ing the heating test with maximum temperature of
500 °C.

mode change be 300, 300 and 400 °C for the pull-out
test specimens with embedment length of 6d, 7d and
84, respectively.
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