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Abstract. Reasonable evaluation of the bond performance between steel bars and
concrete has important theoretical and practical value for reinforced concrete
structural design and seismic analysis. The stress (r) — strain (¢) formula is
corrected based on a pull-out test, and the load (F) — deflection (w) curves are
analyzed according to the change of stiffness before and after crack appearance
based on a beam test, and new estimation formulas are given. At the same time,
the bond properties are compared between all-lightweight shale ceramsite concrete
(ALWSCC) and normal weight concrete (NWC). The results show that the bond
property of ALWSCC is better than NWC. The bond stresses of pull-out
specimens and beam specimens are the same or similar under equal conditions, but
the ultimate load (F,) of the former is about 3.66 times that of the latter, the peak
slip (Sy) of the latter is 4.80 times that of the former, and the latter has significant
splitting or pull-out failure characteristics. The peak slip (Sp) in this paper is larger
than that in the related literature, where the pull-out specimens are no more than 10
mm, and are generally less than 2 mm, while the beam specimens are not more
than 3 mm, with the others generally around 1 mm. The research results have
reference values and guiding significance for similar experimental research and
engineering practice.

Keywords. All-lightweight concrete (ALWC), shale ceramsite, pull-out test, beam
test, bond, deflection

1. Introduction

Because the linear expansion coefficients of reinforcement and concrete are similar,
they have a good bonding effect, which is important to ensure that the structure can
withstand various loads. Bond stress and bond slip are the characteristic parameters for
evaluating whether steel bars and concrete can cooperate with each other. It is
generally believed that the bond stress is mainly composed of three parts: chemical
adhesive force, frictional resistance and mechanical bearing force [1]. The bond stress
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between a steel bar and concrete can be further divided into a bond stress at the end of
the steel bar, and a bond stress among the cracks of the concrete, depending on the
position of the bond stress. The bond stress between cracks is also called the local bond
stress between the joints, and mainly occurs in the tension zone of the beam. Before the
appearance of cracks, the chemical cementation force caused by the production of
hydrated calcium silicate formed by the cement hydration reaction between the steel
bar and the concrete is immersed in the surface of the steel bar. When the load of the
beam reaches the cracking load, cracks will occur, and the concrete pulled between the
joints will cause stress to act on the steel bars, resulting in a redistribution of the
internal stress of the reinforced concrete [2-3]. The end bond of a steel bar mainly
includes the end anchoring of the independent column, the anchoring of the beam end,
the anchoring of the end of the cantilever beam, etc., and its function is to ensure
synergy between the steel bar and the concrete. There must be a long enough anchoring
length at both ends of the beam in order to obtain the corresponding anchoring force
needed to bear the tensile stress of the steel in the beam, otherwise an anchoring failure
problem will occur.

The most commonly used test methods for investigating the bond properties
between concrete and steels are the direct pull-out test and the beam test. The direct
pull-out test is divided into two types: cylindrical and cubic specimens according to the
size of specimen. For example, Rolland et al. [4] used a cylinder of @ 80 mm x 200
mm (diameter x height) with a bond length of 6 d (diameter of the bar), without
stirrups; only a PVC tube sleeve with (200 - 6 d) mm was pre-buried at one end of the
loading end, and the free end slip was measured with a non-contact laser displacement
sensor. Patel et al. [5] used a cube of 200 mm side length, a bond section of 90 mm
with stirrup constraints, a pre-buried length of 55 mm PVC sleeves at both ends, and a
free end slip, using LVDT measurements. Pires Carvalho et al. [6] used a cylinder of ®
80 mm x 150 mm with a bond length of 100 mm without stirrups, and only a 50 mm
length PVC tube casing embedded at one end of the loading end, and a cube with a side
length of 200 mm, having a bond length of 10 d without stirrups, and a PVC tube
sleeve with (200 - 10 d) mm set at the loading end, where the free end slip was
measured by LVDT. Bae et al. [7] used a cube with a side length of 150 mm, a bond
section of 3 d without stirrups, and a PVC sleeve with a length of 5 d at both ends,
using LVDT for measuring the slip at the free end and the loading end. Similarly, Zhao
et al. [8-11] introduced the corresponding pull-out test methods according to [12].

It can be seen from the test methods that the pull-out test is mainly used to study
the end bond performance of the member, that is, the end portion of the beam and the
anchoring point of the joint, and the overlapping portion of the continuous beam span.
The failure modes can be divided into pull-out failure (POF), splitting failure (SF) and
both of these [13]. During the test, the bond performance can be analyzed by measuring
the stress-slip curve at the free end or the load end by LVDT, without consideration of
the tension of the steel bars [14].

ACI-408R-03 [15] gives the beam test method, and GB 50010-2010 [16]
introduces the reinforcement test method for a suitable beam. The methods used for
beam tests are the anchorage beam test, the splice beam test and the beam-bending test.
For example, Mousa [17] used a beam of 120 mm x 200 mm x 2250 mm (width x
height x length) with a bond length of 1092 mm, and a PVC tube of 504 mm length at
both ends of the beam, and the beam deflection was measured by dial gages. Prince et
al. [18] used a beam of 180 mm x 225 mm x 1700 mm with a splicing length of 400
mm. The bottom splicing section is set with three LVDTs to measure the deflection.
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Dehestani et al. [19] used a beam with dimensions of 100 mm x 150 mm x 900 mm
with a length of steel reinforcement at the bottom without a PVC sleeve. Pires Carvalho
et al. [5] used a beam consisting of two half-beams of 100 mm % 180 mm x 800 mm,
with an anchorage length of 10 d, where the PVC tube was used at the non-anchor
section and two LVDT were set at the end of the reinforcement. The anchor beam test
is a four-point bend with a specific anchor length and two curved cracks [20]. The
splicing beam test uses a concrete beam with a known reinforced bond length and a
known splicing length (the splicing length exists in the constant moment region) [2].
The whole beam test is to cast a complete beam according to the requirements of the
specification, in which the length of the steel bar at the bottom is slightly longer than
the beam [19]. The half-beam test consists of two symmetrical half-beams connected
by a steel hinge at the top of the beam and a long steel bar at the bottom [21].

According to the above two kinds of bond-slip test methods, the pull-out specimen
is simple and sensitive to the shape change of the steel bar, and the test data is easy to
analyze, so it is commonly used as a benchmark for the study of bond performance [22-
23]. The beam specimen is larger and more complicated, and is thus used less in the
literature, but it can directly reflect the bond anchoring performance of the steel bars
under the bending moment and shear force, and the absolute value is much larger than
the pull-out specimen because of the size effects [24-25].

Different type of concrete has different aggregates and mix ratios, which will thus
affect the bond performance. For instance, Mo et al. [1], Zemour et al. [26], Al
Shannag et al. [27] and others show that the bond behavior of lightweight aggregate
concrete (LWAC) is much better than normal weight concrete (NWC), and in terms of
structural use, it is more environmentally friendly, economical and technical. Because
LWAC has obvious advantages in terms of light weight, good thermal performance,
fire resistance and shock resistance, as well as environmental friendliness, it is widely
used in the construction of high-rise buildings, long-span bridges and marine structures
in harsh environments [28-29].

The term LWAC, or lightweight concrete (LWC) [30], is mainly determined by the
name of LWAs, but because of the large variety of LWAs it is difficult to reflect the
properties of LWAC. According to JGJ 51-2002 [31], concrete is called LWAC when
its dry apparent density (pg, kg/m’) is no greater than 1950 kg/m’; otherwise, it is
named specified density concrete (SDC) when 1950 kg/m® < pd < 2400 kg/m’. On the
other hand, if both fine and coarse aggregates are LWAs, the concrete is called all-
lightweight aggregate concrete (ALWAC) [32]. In order to enable LWAC to have the
advantages of ALWAC and NWC, one method is to use a quantity of normal weight
gravel to replace some of the lightweight coarse aggregate in equal volume, and the
new concrete is called gravel lightweight concrete (GLWC), whose naming method
refers to Taylor et al. [32].

Because the lightweight aggregates are shale ceramsite (SC) and shale pottery (SP)
in this paper, the concrete is called all-lightweight shale ceramsite concrete (ALWSCC,
hereinafter referred to as ALWC). The research objects are ALWC and GLWC,
respectively, in this paper. It is precisely because the tube crushing strength (TCS, see
table 1) of SC is generally lower than that of cement mortar that the strength formation
mechanism of ALWC is different from NWC (mainly determined by the gravel). When
the steel and concrete are destroyed under the same conditions, the SC will be
destroyed by mortar first, so the bond strength is smaller, and the slip is larger, which is
manifested as greater energy consumption when the steel bar is pulled out and
destroyed.
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This paper aims to identify the differences and connections of the pull-out and
beam test methods. A series of tests for bond-slip were carried out on several kinds of
steel bars and ALWC and GLWC, in order to provide a basis for experimental and
theoretical analysis for relevant research and applications.

2. Experimental Program
2.1. Materials

(1) Shale ceramsite (SC): gravel coarse aggregate, which must be pre-wetted 24 h
ahead. The maximum particle size is 15 mm. The bulk density is 660 kg/m’. Water
absorption is 10.9% at 24 h. The tube crushing strength is 4.3 MPa.

(2) Shale pottery (SP): fine aggregate, with maximum size 5 mm. The bulk density
is 880 kg/m’. Water absorption is 12.7% at 24 h. The fineness modulus is 2.5.

Both SC and SP were obtained from Luoyang Zhengquan Co., Ltd. (Luoyang,
China), in line with Chinese national standard GB/T 17431.1-2010 [33]. Table 1 shows
the sieving ratio, porous rate and tube crushing strength of SC and SP, respectively.

Table 1. The material parameters and experimental values for SC and SP.

>16 mm 16.0mm 9.50 mm 4.75 mm o
SC %) (%) (%) %) Porous rate (%)
GB/T17431.1-
2010 [33] <5 <10 20-60 85-100 SC SP
experimental 0.1 1.6 342 99.7 513 239
values
GB/T17
Tube crushing strength (TCS) Mean Over 431.1-
(MPa) mean 2010
[33]
>9.50 mm 3.63 3.67 3.68 3.66
>4.75 mm 3.54 3.58 3.59 3.57 3.62 2.0-3.0
Sp 4.75mm 2.36 mm 1.18 mm 0.6 mm 0.3 <0.15
(%) (%) (%) (%) mm(%)  mm (%)
GB/T17431.1-
2010 [33] <10 <35 20-60 30-80 65-90 75-100
experimental 25 11.6 39.8 58.9 69.1 99.8
values

Notes: The fineness modulus is 2.4—4.0 for this type SP in GB/T 17431.1-2010 [33].

(3) Gravel (G): The particle size is 5-20 mm, the needle-like content is less than
10%, and the bulk density is 1560 kg/m’.

(4) Cement (C): PO 42.5 R Portland cement made at the Jiaozuo cement factory,
brand Jiangu (Jiaozuo, China), which meets the Chinese national standard GB 175-
2007 [34].

(5) Fly ash (FA): grade II fly ash made at the Jiaozuo power plant (Jiaozuo, China),
which meets the Chinese national standard GB/T 1596-2005 [35].

(6) Superplasticizer: Naphthalene series superplasticizer (FDN), meeting the
Chinese national standard GB 8076-2008 [36], whose water reducing ratio is 20%, to
which was added 1.8 wt.% of cementitious materials.
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(7) Water: The running water met the Chinese national standard JGJ 63-2006 [37].
The reinforcements were used with CRB, which meets the Chinese national
standard GB 1499.2-2007 [38]. Their mechanical parameters are shown in table 2.

Table 2. Strength for CRB.

d (mm) f,(MPa)  fi(MPa)

12 460 580
16 464 604
20 422 572
25 400 540

2.2. Pull-out Test

The pull-out test method referred to GB/T 50152-2012 [39]. The specification size of
the specimen was 150 mm % 150 mm x 150 mm. The embedment length of steel bar
(7)) is 100 mm without transverse confinement. Polyvinyl chloride (PVC) tubes of
length 25 mm were pre-embedded at two ends between the anchorage bar and concrete
in order to avoid end-effects. The specified drawing of the pull-out specimen is shown
in figure 1. Table 3 shows the test matrix used in the pull-out specimens of ALWC and
GLWC (mixed according to the Chinese national standard of lightweight aggregate
concrete JGJ 51-2002 [37] and normal weight concrete GB 50010-2010 [16], and the
previous research results of our research group). All of the specimens were tested 28
days after casting.

The tests were carried out by a hydraulic pressure testing machine (made at the
Changchun testing machine factory, China) with a maximum load capacity of 1000 kN,
and the loading rate was 6 kN / min. The specimen was regarded as a failure and the
loading stopped when splitting failure (SF) or pull-out failure (POF) occurred, if the
aggregates in a fracture plane were crushed in the shape of a soil body turned by a plow
(called scrapping-type failure), or if the total slip S =25 mm.

S0mm, QSm[q 100mm ;_ I }

Y

Free end Bond length Loadin7rnint

150mm

PVC tube 25mm

150mm |

Figure 1. Schematic drawing for cube specimen. (Notes: For the ALWC, /s = 140 mm, for the GLWC, /; =
80 mm.)

Table 3. Mixes (1 m?) and technical parameters for pull-out specimens (A) and beam specimens (B).

Test

mc MrA msc mgsp ma mw _féu fts Pd
T SD¢, SDys
No. pe (kg) (kg) (kg (kg) (kg) (kg) (MPa) (MPa) v (kg/md)
A ALWC 479 202 387 446 - 259 31 2.08 2.59 0.18 1712

Ay GLWC 481 157 311 408 339 172 32 2.08 3.11 0.13 1792
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B, ALWC 436 152 475 370 - 200 31 1.73 1.88 0.08 1752
B, ALWC 467 155 460 385 - 205 36 1.00 2.14 0.12 1780
B; ALWC 495 159 444 408 - 209 38 0.58 1.91 0.04 1732

Notes: mc is the mass of cement. m, is the mass of fly ash. mgc is the mass of shale ceramsite. msgp is the
mass of shale pottery. my is the mass of water. f, fisare the arithmetic mean of cubic (150 mm x 150 mm x
150 mm, three specimens) compressive strength at 28 d, and splitting tensile strength, respectively. SDcy, SDis
are the standard deviation (SD) of three cubic compressive strengths and three splitting tensile strengths,
respectively. pq is the dry apparent density at 28 d. The slump is 165 — 190 mm.

2.3. Beam Test

The dimensions of beam specimens are 150 mm X 240 mm x 1270 mm, and three
specimens named B;, B,, B, respectively were made. The B; beam bottom bar
diameter is 25 mm, and the concrete cover layer thickness is 50 mm. The B, beam
bottom bar diameter is 20 mm, and the concrete cover layer thickness is 40 mm. The B;
beam bottom bar diameter is 16 mm, and the concrete cover layer thickness is 30 mm.
The bundled steel cage was put into the prepared wooden formwork, and then the two
half-beams were connected through the embedded steel hinge (figure 2c), which is 70
mm. The long steel bar passes through the central axis of the width of the bottom
section of the two half-beams, and extends 50 mm at each end, and is used to measure
the slip length. The design of the reinforcement in the beam is shown in table 4.

Figure 2 shows the beam specimen and the position of the strain gages: the strain
gage spacing of the @ 16 mm steel is 53.3 mm, of the @ 20 mm steel is 66.6 mm, and
of the @ 25 mm is 83.3 mm. Table 4 shows the test matrix used in the beam specimens

of ALWC.
Short Beam
T Jack
Distribution Beam
Steel Hinge f‘
PVC tube Steel PVC tube PVC tube h PVC tube
o o Db
Dial indicator Dial indlcaloril_m Dial indicator g % Disl indicator
I I |
I 1
P 1 >
(a) Details of the beam specimen
7 6 5 4 3 2 1 [Steel Hingd ] 2 3 4 5 6 7
L} | ] | ] | ] | ] | ] L} L} | ] | ] | ] L} L} L} L}
(b) Location of steel strain gages for beam test
(c) Photo of steel hinge (d) Photo of field test

Figure 2. Schematic drawing and photos for beam specimen.
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Table 4. Beam specimen reinforcement table (mm).

Schematic Diameter . .

diagram Type 2 fy (MPa) Jfu (MPa) Dimensions Number
Upper
ribs = PSB 12 240 373 560 24
Bottom
ribs —————— PSB 12 240 373 560 24
Stirrup
1 D PSB 8 233 368 110 x 200 60
Stirrup
2 PSB 8 233 368 160 x 280 60
Longer 16 405 567 1350 2
ribs CRB 20 426 572 1350 2

25 440 580 1350 2

Loading was applied with a universal machine through a reaction frame and a
QYL type jack controlled by a microcomputer and loaded in a force control mode with
a step size of 5 kN/grade. The data was recorded by the 1211832 static resistance strain
gage and at the same time two dial indicators were placed respectively at the free end
of the steel bars to measure the slip while another two were placed at the two sides of
the middle of the half-beam to record deflection.

3. Experimental Results and Discussion
3.1. Pull-Out Tests

3.1.1. Test Curve Analysis.

The bond stress calculation formula is shown in equation (1).
t=P (ndl,)" (M

where 7 is the average bond stress (MPa), P is the pull-out load (kN), d is the diameter
of reinforcement (mm), and /, is the anchorage length (mm).

Before the test, the force and displacement sensors of the machine were calibrated,
and the hanging basket of the fixed sample was monitored during the test. No
horizontal and vertical displacement was produced by the hanging basket, which
confirms that it is feasible to test by this method. Considering the tensile behavior of
the non-bonded section of the steel bar under loading, the modified formula for
calculating the average bond stress according to Hook’s laws is shown in equation (2),
and equation (3) presents the conversion relationship between the actual slip and the
slip given by the microcomputer.

Al = (Pl (EA)* (2

S=Sps - Al 3)
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where A/ is the elongation of the loading point of the steel bar to the bond point (mm),
It is the distance of the loading point of the steel bar to the bond point (mm), £ is the
reinforcement modulus (GPa), 4 is the reinforced section area (mm?), S is the slip (mm),
and Sps is the slip directly measured by the displacement sensor of the test machine
(mm).

According to equation (1), equation (2), and equation (3), the P - S curves obtained
directly from the computer are converted into a corresponding 7 - S curve. This is
shown in figure 3.

9 rest 865 161 Test curves 148
est curves
A,-012 19.53 Al—o 12 8.44
1 3 — A6 !
- - Ap016 . b _—

E A,@zo 7 oo g 12 A0 20I . :
=6 1 sas )’ 2 '
: am = :
a.«u-T-'- y = g '
s S | £ .
$ -l \ % T
5 ‘ ] '
E e 3 X

S \ 4}
& | :
| - |
[l - - :

0 . pa— . 0 . . ,
4 8 953 12 16 0 4 $8.44 12 16
Slip, S (mm) Slips 8 (mm)

(a) ALWC (b) GLWC

Figure 3. Curves of 7 - S for pull-out specimens.

From the analysis of the curve and the test phenomena, it is found that the curves
of specimens in which pull-out damage decreased rapidly after the peak stress, and the
test curves have complete ascending and descending segments. The specimen with
cracking damage will make a loud “bang”, and will then be destroyed and split into 2
or 3 pieces.

It can be clearly observed that the bond stress of GLWC is greater than that of
ALWC, which is because of the lower tube crushing strength of ceramsite. When the
damage occurs, the SC is destroyed first. But because of the gravel in GLWC, the bond
stress is improved.

Comparing the test phenomena of different groups, it can be seen that specimens
with a large diameter are more prone to splitting damage, and the ultimate bond stress
decreases with increasing diameter, while the limit slip is gradually decreasing. In the
ALWUC, the ultimate bond stress (z,) of the specimen with 16 mm diameter was reduced
by 14.68% compared with the specimen with 12 mm diameter. The specimen with 20
mm diameter was reduced by 39.31%. In the GLWC, the 7, of the specimen with 16
mm diameter was reduced by 17.42%; the specimen with 20 mm diameter was reduced
by 30.33%.

The failure models of specimens are shown in figure 4.

(a) Pull-out failure. (b) Splitting failure.

Figure 4. Failure modes for pull-out specimens.
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3.1.2. Comparative Analysis of Ultimate Bond Stress and Corresponding Slip

Table 5 summarizes the different types of concrete bond properties. All the specimens
were cubes with dimensions 150 mm x 150 mm x 150 mm. Figure 5 shows the scatter
plots of the ultimate bond stress and corresponding slip.

Table 5. Parameters of bond-slip in this paper and the literatures based on cubic pull-out specimens.

few (MPa) 79 (MPa) So (mm) d (mm) I, (mm) FM
This paper

28 8.65 9.53 12 100 POF
ALWC 31 7.38 8.66 16 100 POF

33 5.25 6.00 20 100 SF

32 14.87 8.44 12 100 SF
GLWC 32 12.28 691 16 100 POF

35 10.36 441 20 100 SF

Expanded shale concrete (ESC)

40 18.50 1.03 12 60 POF
Wu et al.
(2013) [40] 35 15.30 0.77 16 80 SF
45 11.70 0.10 22 110 SF
Ceramsite Concrete (CC)
Zhang and 21 12.10 0.55 16 80 POF
Yang (2014) 30 18.20 0.79 16 60 SF
[41] 29 14.10 0.83 16 100 SF
Structural lightweight concrete (SLC)
34 6.70 1.51 12 150 SF
34 429 1.48 16 150 SF
Al-Shannag 34 3.13 1.22 20 150 SF
and Charif
48 6.71 1.75 16 150 SF
48 5.23 1.26 20 150 SF
Normal weight concrete (NWC)
Pires 35 12.10 0.90 6 63 SF
Carvalho et 35 7.20 1.01 8 80 SF
al. 0I8) [6] 35 9.00 1.00 10 100 SF

Notes: 7 is the peak bond strength, Sy is the slip corresponding to 7o, FM means the failure models, POF
means pull-out failure, SF means splitting failure.

ALWCA,
GLWCA,

NWC-Ref [6]
ESC-Ref [38]
CC-Ref [39]
SLC-Ref [27]

>
RNV |

a®
0 2

4 6 8 10
S (mm)

Figure 5. Scatter plot of 7, versus S, for pull-out specimens.
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Comparing table 5 and figure 5, it can be seen that even if the matrix materials are
similar, the differences in 7, - Sy obtained by different works in the literature are also
large. For example, the bond stress of structural lightweight concrete with the highest
compressive strength studied by Al-Shannag and Charif [27] is significantly lower. The
compressive strength of shale ceramsite lightweight concrete for this research is
generally lower than that of natural lightweight aggregate concrete, but its bond
strength is obviously higher than others. The S, of shale ceramsite lightweight
aggregate concrete exceeds 2 mm, and the average value is 1.47 mm, which is
significantly higher than the rest of the concrete (not more than 2 mm). This may be
due to the lower modulus of elasticity and greater total deformation of shale ceramsite
lightweight aggregate concrete (see table 6).

Table 6. Elastic modulus of ALWC and NWC.

ALWC/NWC LC25/C25 LC30/C30 LC35/C35 LC40/C40
E (x 10* MPa) 1.36/2.80 1.51/3.00 1.65/3.15 1.80/3.25
Eic/Ec (%) 48.57 50.33 52.38 55.38

Notes: The elastic modulus of NWC and ALWC is from GB 50010-2010 [18], and tested by this paper,
respectively.

The elastic modulus of ALWC is generally about 50% of the same grade NWC
(see table 6), and its total strain (5500 pe) is about 2 times that. According to the energy
consumption analysis, ALWC has greater resistance to deformation and has higher
energy consumption; that is, the slip value is much larger than that of the NWC.

3.2. Beam Tests

3.2.1. The Physical-Mechanical Model

According to the force mechanism of the beam, the half-beam is selected for
calculation and analysis as shown in figure 6.
Fi Steel Hinge
b (0]

@

Figure 6. Sketch for half-beam analysis.

Figure 6a shows that the loading mode is a local uniform load. Therefore, it should
be converted into a concentrated load and then converted to the tensile force at the
bottom of the beam using equation (4).

> M, =R, - Fl —%’2:0 “4)

where Y. M, is the moment of point O (kN-mm), P is the horizontal pull force (kN), P,
is the force of support reaction (kN), F/2 is the force transformed by the local uniform
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loads (kN), /; is the horizontal distance between the center of the support and the point
O (465 mm), [, is the horizontal distance between the point of F/2 and the point O (100
mm), and /; is the vertical distance between the center of the bars and the point O (mm).

During the test, the bottom of the beam will inevitably produce a certain degree of
deflection, and the beam end will inevitably produce a certain angle of rotation. In
order to eliminate the effects of deflection and rotation angle, the force of the bottom
steel bar is decomposed to obtain the component force in the horizontal direction,
which is the true pull-out force. At the same time, the strain measured by the strain
gages is affected by the influence of the additional bending strain generated by the
bending moment. According to the relationship between the deflection and rotation
angle, the strain measured by the test is converted as follows:

Wl M(x) (52)
E [

jﬂdﬁ C = tanf (5b)

&= ¢, cost (5¢)

where w is the deflection (mm), M(x) is moment equation, x is the horizontal distance
from point O to any point (mm), E\ ¢ is the elastic modulus of LWAC (GPa), [ is the
section moment of inertia (mm®), C is the integral constant, @ is the angle, ¢ is the
horizontal strain value (10°), and &, is the actually measured strain value (10°).

3.2.2. Analysis of the t - ¢ Curves

The t - ¢ curves of the steel bar at the bottom are converted through the above
transformation, and the 7 - ¢ relationship in the horizontal direction is shown in figure
11. The crack distribution at the bottom of the beam is shown in figure 7.

Bond stressz (MPa)

- Pmm 4

~~~~~ Pmm 6
Point 7

0 400 800 1200 1600 0 lnoo 2000 3000 0 200 400 600 800 1000
Strain £(10%) in £(10°) Strain 5(10°)

(al) B[, LC30 (az) Bz, LC35 (3.3) B3, LC40

Figure 7. Curves of 7 - ¢ in horizontal direction of beam specimens.
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[ 1 A

o

(b1) By (b2) B (b3) B
Figure 8. Photos of cracks on beam bottom.

Comparing figure 6, figure 7 and figure 8, it can be seen that the value of Point 1
(the beam span, where the crack first appears and the crack is the longest) is always the
maximum value, and the values at Point 3 are close to Point 1 and much higher than
Point 2. At the same time, the values at Point 2 (the cracks are also dense) are higher
than the others, and the strain gradually decreases with the decreasing cracks. This
shows that although the strain value of the steel bar decreases along the mid-to-center
direction, there is a wave-like alternating process. The reason is that during the bending
process of the beam bottom, the concrete is cracked by the first failure of the tension,
thereby causing stress redistribution on the surface of the steel bar, and is thus
instantaneously reduced. But in the process of continuous stress, the overall tendency
to increase (single point) and decrease (all longitudinal cracks extending from the
middle to the ends) will not change.

In addition, comparing the three groups, the peak stress of B is 9.26 MPa, that of
B, is 17.19 MPa, and that of B; is 18.37 MPa, which is 86% and 98% higher than the
B, beam, respectively. This indicates that as the concrete strength level increases and
the diameter of the steel bars decreases, the bond peak stress increases. Figure 8 shows
that the B; beam has the most cracks at the bottom, while the B; beam has only one
main crack. This is because the bond strength is decreased with the increase of the steel
bar diameter. And the concrete strength of the B| beam is lower, so the concrete matrix
will inevitably produce most cracks.

3.2.3. Analysis of the Fitting Curves

The segmentation fit is performed on the rising and falling sections of the B, beam test
curve.
Let

P ©)
where ¢ is the peak strain (10-6), and 7, is the peak stress (MPa).

Ascending section curve:

y=aptax+ ax’+ag®, x<1 (7a)
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Boundary conditions: when x = 0, then y =0. Whenx=1,then y=1and dy / dx =
Soay=0,a;+a,+as=1, a; +2a, + 6as =0, letting agc=a:

y=Q+4)x - (1+5a* + ax®, x < 1 (7b)

Descending section curve:

- * (¥
Y B x

Figure 9 shows the stress—strain curves of the strain gauges at different locations,
and table 7 shows the corresponding fitting parameters and correlation coefficients.

= Point1 e Point2

A Point3 v Pointd

# Point5 4 Point 6
Point 7

—— Fitting curves

0 1 2 3 4
x=¢/ g

Figure 9. Fitting curves of B,.

Table 7. Fitting parameters (a, ) and correlation coefficients (R?).

Ascending Descending

e a R B R

1 -0.40 0.9069 1.39 0.9447
2 -0.47 0.9182 3.66 0.9335
3 -0.15 0.9443 1.49 0.9997
4 -0.006 0.9135 1.51 0.9449
5 -0.27 0.8988 0.62 0.9262
6 -0.05 0.9277 0.87 0.9493
7 -0.51 0.9625 0.26 0.9651

It can be seen from the fitting parameters and correlation coefficient analysis that
equation (6) ~ equation (8) can correctly reflect the stress—strain relationship of
different measuring points. This shows that the overall stiffness of the beam is
consistent and uniform before reaching the ultimate state. After reaching the ultimate
state, the bearing capacity is reduced and the stiffness is reduced due to the crack
generated in the substrate. The stiffness damage is more serious near the mid-span
position because of the hinge, and the stiffness is rapidly reduced. However, the
stiffness change is less obvious away from the mid-span.

The fitting coefficient of the ascending section is averaged to obtain a = -0.2,
which is substituted into equation (7b). It is found through calculation and analysis that
the rising section of the curve is consistent with the rising section of the curve of the
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concrete tension curve. This shows that the bond properties of the concrete and steel
bars mainly depend on the tensile properties of concrete.

It is known that the regression equation of the coefficient of the falling section of
the tensile stress—strain curve of Guo and Zhang [42] can be represented as follows.

Bo=0.312f2 )

where £ is the coefficient of the descending section of the concrete tensile model.
Ref. GB/T 50152-2012 [39] shows the relationship of £; ~ /...

£=0.395 £, (10)

The tensile strength of concrete is 2.14 MPa, which is substituted into equation (9).
It can get a coefficient of 1.4, which is consistent with the average value of the test
fitting coefficient. This indicates that the beam test is suitable for Guo’s tension-
bearing model.

It is found that the stress—strain curve equation obtained by this test is consistent
with Guo’s tensile stress—strain curve equation. This shows that the bond performance
between the reinforcement and concrete depends entirely on the tensile properties of
the concrete itself.

3.2.4. Load—Deflection Curve Analysis

The specimen Bj is taken for analysis to explore the conditions necessary to meet the
horizontal tension of the steel bar at the bottom of the beam. For the simply supported
beam structure, the bending moment values of each beam section under the bending
load are not equal, and the section stiffness or curvature changes accordingly. As the
load increases, the bending moment values at each section of the beam increase
correspondingly, resulting in a change in the stiffness of each section (see equation 10).

L g2 (M) 2 11
o= - av

where R, is the radius of curvature and B, is the section stiffness at section x.

The concrete in the purely curved section of the beam at the stage of the full-
section concrete is subjected to force (tension or compression) before the occurrence of
the cracks. If the area of the steel bar in the pull zone is As, the converted area is nA4s,
where n = Eg/ E1 ¢, Es = 200 GPa is the elastic modulus of the steel, and £ - means the
elastic modulus of the ALWC.

b ) b & b &
Xo Xer
ho|h 7 N R i
(n-1)A, hexo
As 5 N - . nA. hoxe
g et &
(a) Original section. (b) Conversion section before (c) Conversion section after
cracking. cracking.

Figure 10. Sketch for conversion cross-section.
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In addition, it is necessary to add an additional area (n-1) Ag at the same height of
the section to ensure that the stress on the converted area of the steel is equal to the
concrete stress at the height of the corresponding section.

Ao=bh+(n - 1)A, (12a)
%bxg =%b(h—xo)2+(n—l)As(h—x0) (12b)

%bhz +(n—1)Agh,

Xg=F———— (12¢)
bh+(n—-1)4

So,
_ b 3 _ 3 _ _ 2 3
I, _g[xo‘*'(h X)) ]+ (=D A4s(hy — x,) (13)
BOZELCIO (14)
w=-L% 3P _ax)0<x<1/2, (15)

48E,

It is assumed that the crack section is completely pulled out of the concrete in the
tension zone after the crack occurs, and now only the steel bar bears the tensile force.
The converted concrete area is placed at the same section height, the converted
concrete section is obtained as shown in figure 10c, and the height of the compression
zone x., of the crack section is determined in the same way, where u = A,/ (bhy). Figure
11 shows the load—deflection curves with different stiffness.

% ;. =nds(hy = x,,) (16)

X, = (14 + 2np —npi)h, (17)
1 3 2

Icr ngxcr+nAS(hO_xcr) (18)

Bcr = ELC[cr (19)
Fx ) 5

w (3P —4x*),0<x<1/2 (20)

" 48E.
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Values of Eq.(14)

Test values at left

n
S

N

Test values at right

Force F(kN)

)
S

50F

4
Deflection w (mm)

Figure 11. Load—deflection curves.

Figure 11 shows that the curve stiffness calculated according to the case where the
concrete is not cracked is large, and the curve stiffness obtained by the tensile force of
the steel bar in the tension zone is small according to the concrete cracking. Taking the
average of the two cases, the curve obtained is basically consistent with the slope of the
previous test curve, which means that the cracking of the concrete cannot be simply
considered, and should be considered comprehensively according to the actual situation.
In this paper, two test curves can be obtained before and after concrete cracking, and
then the two test curves are averaged to obtain an approximate test curve, and remain
basically consistent with the experimental values.

Table 8 summarizes the different dimensions of the beam specimens. Figure 12
shows the scatter plot for 7, versus S,. It shows that the bond strength increases with the
increase of concrete strength and decreases with the increase of the diameter of the
steel bar, while the S, is reduced with increasing strength and decreasing diameter. The
79 obtained by different matrix materials and different beam test conditions is quite
different.

The Sy of ALWC is above 1 mm, which is significantly higher than self-
compacting concrete (SCC) and NWC (not more than 1 mm). For the beam test with
the same compressive strength, the concentrated load of ALWC is higher than SCC and
NWC, but the mid-span deflection is generally lower than others, which indicates that
the bond performance of ALWC is indeed better than others. The S, of ALWC is
significantly higher than others because of the lower elastic modulus of ALWC.
Figures 5 and 12 show that the limit of Sy for pull-out specimens is 2 mm, and for beam
specimens is 1 mm, which means that the bond performance studied by the beam test is
superior to the pull-out test.

Table 8. Parameters of bond-slip in this paper and the literature based on beam test.

fcu bx IV b/ Fy To d l
Type (MP & x 0 wo  Sor Seg (KN (MP (mm (mm
h h
a) ! ) a) ) )
29 2
ALWC-B, 31 3.67 T - 92 481 25 x
150 5
250
N 2
ALWC-B, 36 240 ‘7“ (3)'6 5.52 ;'1 - 112 855 20 x
200
127 5
ALWC-B; 38 0 2.09 (6)'9 - 200 §2'3 16 x
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Note: Sy is the slip at the left, Sy r means the slip at the right.

ALWC-B,-® 25mm
ALWC-B. 20mm
ALWC-B® 6mm
“Ref [43]-0 16mm
NWC-Ref[431:® 16mm
SCC-Ref [43]-0 10mm
NWC-Ref[43]:0 10mm

mAsa o
2
&

5 6 7

0 1 3 4
S (mm)

Figure 12. Scatter plot for 7y versus Sy of beam tests.

4. Comparative Analysis and Discussion of the Two Test Methods

Figure 13 shows the 7, - Sy studied in this paper and other literature and indicates that
the peak bond stress of the beam specimens and the pull-out specimens remains within
the same variation range, and that the peak slip of the beam specimens is generally
lower than the pull-out specimens. Comparing the two types of test methods with the
same compressive strength of 30 MPa and the same bar size of 20 mm as the
comparison object, the ultimate load (216 kN) of the beam test specimen is 3.66 times
that (59 kN) of the pull-out test, and the peak slip of the pull-out specimen is 4.80 times
that of the beam specimen. This shows that under the same conditions, the pull-out test
is more sensitive to the reaction of the bond performance; the preparation is simple, the
test is convenient, and it is suitable for the sampling test in the laboratory; and the beam
test can better reflect the relationship between the steel and the concrete. The bond
performance is suitable for structural tests and is closer to engineering practice.
However, due to the effect of stirrups and large cross-sectional dimensions, it is
impossible to reflect the significant form of damage as the pull-out test can.

B LCI0-0 25mm
§ Pull-out results

BLCIS® 20mm

AALCHD 12mm

AALC30-D 12mm

AALC30 t6mm v

T
o

“

-

@ ALCH00 tomm
v

A A1C30-0 20mm
.

AFLC30D 20mm
o

o

Beam results

0 2 8 10

4 6
o (mm)

Figure 13. Bond strength versus slip distribution for beam specimens and pull-out specimens.
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5. Conclusions

This study was based on the analysis of the bond properties of lightweight aggregate
concrete and several different sizes of steel bars; two types of tests such as pull-out
tests and beam tests, were conducted. This study presents corresponding physical-
mechanical analysis models and analyzes the influencing factors that affect the bond
performance, reaching the following conclusions:

(1) A physical-mechanical analysis model was established and a transform
relationship could convert the load—slip curves directly obtained by the sensor of the
test machine to the 7 - § curves that directly reflect the bond stress of the anchor section.
All the types of damage with complete ascending and descending segments are pull-out
failure, and only the ascending segment and the shorter anchored specimens generally
undergo splitting failure.

(2) The beam test cannot accurately obtain the deflection curve due to the change
of the beam section stiffness caused by the generation of cracks in the tension zone
during the loading process. This paper obtained a deflection curve according to the
calculation of the section moment of inertia by the converted section before and after
the crack in the tension zone, and the sectional dimensions are given in order to keep
the bottom bars in tension.

(3) The bond stress of the pull-out test specimens and the beam test specimens are
the same or similar under the conditions of the same mix ratio, and both decrease with
the increase of the diameter of the steel bar, although the ultimate load of the former is
about 3.66 times that of the latter. For the peak slip, the test result in this paper is larger
than in the relevant literature. The pull-out specimens are no more than 10 mm,
whereas in the other literature they are less than 2 mm, while the beam specimens are
no more than 3 mm where the others are generally around 1 mm.

This study shows the results of the pull-out tests and beam tests through theoretical
derivation and experimental verification, and eliminates the influence of the free
section of the steel bar in the pull-out test and the deflection and angle of the beam test.
The results show that the theory is consistent with the experimental results, and the
beam test has multiple differences compared with the pull-out test due to the influence
of the section size and the stirrup. It is closer to the engineering practice, but it cannot
reflect the remarkable features of the pull-out damage and splitting damage as the pull-
out test can. Therefore, the pull-out test is used to study the bond properties of steel and
concrete and the beam test is used to verify the engineering bond performance.

In addition, in order to improve the ductility of the structure and avoid the
occurrence of splitting damage under the same conditions, it is better to use smaller
diameter steel bars to improve the energy consumption effect by extracting and
destroying as much as possible, and improving the seismic performance of the structure.

Since the bond-slip performance is related to the friction coefficient of
steel-concrete, there are still few similar tests, especially the friction coefficient
measurement test of lightweight aggregate concrete-reinforced steel. In addition, the
bond-slip properties of steel bars and different lightweight aggregate concrete in solid
reinforced concrete beams under static and dynamic loads, as well as bond-slip
properties under different complex conditions, including durability, water and high or
low temperature conditions, are experimental research items that need to be considered
in the next step, so as to complement and improve the relevant finite element analysis
model.
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