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Abstract

In recent years, structural lightweight concrete has gained momentum in its
use due to its superior properties in terms of dead load reduction, better ther-
mal comfort, improved fire resistance, etc. The use of lightweight aggregates
manufactured from industrial bi-products such as flyash presents an alterna-
tive to ever-depleting natural aggregates and has been the solution to environ-
mental challenges and a circular economy. With the increase in the use of
sintered flyash lightweight aggregate-based concrete (L.C-SFA), there is a need
to evaluate the applicability of existing empirical equations and models avail-
able to predict the on-site strength of concrete using the puli-out method. The
pull-out technique for on-site strength estimation has been well researched for
normal concrete (NC), but very limited studies have been reported for struc-
tural lightweight concrete. This study aimed to develop a model for the deter-
mination of on-site compressive strength from 20 to 50 MPa for lightweight
concrete (LC) with sintered flyash lightweight aggregate with a high degree of
predictability and accuracy using the non-destructive pull-out test, and com-
pare the resulis with normal weight concrete. The pull-out method adopted in
the study has demonsizated that the in-place compressive strength of concrete
can be predicted with high accuracy and better repeatability of LC-SFA. The
percentage variation in compressive strength predicted by different models var-
ies from —2% to 80%. The proposed model for normal concrete and the model
developed by Jensen and ACI for normal concrete gave values somewhat near
to the experimental results of LC, however, the variation was more than 15%
in the case of ACI, and in the case of Jensen, the values were on the lower side.
The study revealed that existing empirical equations available for normal
weight concrete to predict the compressive strength on the basis of pull-out
force will not be applicable to lightweight concrete, and proposed a model
based on a study conducted gives high accuracy and repeatability.
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1 INTRODUCTION

Concrete is a comparatively bulky building material in
terms of its weight, and researchers in the past have
developed alternative concrete, such as lightweight con-
crete, porous concrete, pervious concrete, etc., to reduce
its weight without impacting its other properties. Among
this, the structural lightweight concrete presents several
advantages over normal weight concrete in terms of
improved thermal performance, superior fire resistance,
and reduced dead load resulting in lower cost of form-
work, transportation, labor, etc., with major benefits
observed in the precast concrete industry.! One of the
ways to produce manufactured lightweight aggregate for
the production of lightweight concrete is by uiilizing
flyash as the main raw material through the sintering
process. The scarcity of natural aggregates presents a
need to use alternative man-made aggregates, which in
one way or the other tackle the problems of environmen-
tal issues and promote circular economy and sustainable
construction. Looking into the large legacy stock of flyash
available in India, the use of sintered flyash lightweight
aggregate in concrete construction is getting more and
more attention and adoption in construction.>* With the
increase in use of structural lightweight concrete, there is
a need to examine the non-destructive testing (NDT)
methods used in the evaluation of on-site strength of new
and old concrete structures. The strength of concrete
determined on concrete cube specimens prepared, com-
pacted, and cured under laboratory conditions is different
from the actual built structure. The difference in deter-
mined strength also depends on the shape and size of the
concrete specimen, and the accuracy of the test method is
influenced by these factors. For on-site strength determi-
nation, different NDT methods have been adopted in the
past, and one of the methods developed for quick assess-
ment of compressive strength is a pull-out test. Numer-
ous studies have been carried out using this method for
normal-weight concrete in general, with limited studies
being available for lightweight concrete. Researchers
such as Skramtajew,” Rutenbeck,’ Kierkegaard,®
Malhotra,” Richards® Stone and Carino,’ Collins and
Roper,*° etc. have demonstrated the applicability of the
pull-out method for the determination of on-site strength
of concrete. In the past, different innovative methods
have been developed to assess the on-site strength of con-
crete, such as the arc pressure testing (APT) method,*
double shear testing method (DSTM),'? hammer pendu-
lum test method,'® and modified pull-out testing method
(MPTM).!* The test results in the APT method
highlighted that it is suitable for on-site compressive
strength determination of concrete in the case of prefabri-
cated structures and beam-column joints of structures

with dense reinforcement. The APT method, compared
to other on-site strength determination test methocfs,
showed higher accuracy with minimum damage to the
structure.’* The double shear test method involves a load
being exerted through the DSTM apparatus on the double
shear face of the concrete core to produce pure shear
stress for obtaining the shear strength of the concrete
core.”? The repeatability and reliability of DSTM were
reported by Yang et al.'® to be greater compared to other
on-site strength compressive strength measurement tech-
niques, such as the rebound hammer and pull-off test
method. The relationship between the depth of penetra-
tion versus compressive strength using the hammer pen-
dulum test concluded that the developed method is an
alternative compression test method for masonry mortar
with a minimum level of preparation, high accuracy, and
better repeatability.’®* The MPTM test method was
introduced by Yang et al.,’® which also involved an
improvement in the classical method through the use of
a cup-shaped loading probe in order to ensure that pure
axial load is applied in the tensile strength measurement.
The MPTM Test findings have indicated that results do
not depend upon the test direction, diameter, and depth
of core as well as aggregate size. This method has been
reported to be more repeatable and reliable compared to
the conventional pull-off test method.’* The pull-out
method measures the force needed to extract an inserted
metal having an enlarged head from a concrete member.
The pull-out force is given to the insert by a hydraulic
jack counterbalanced by the ring in such a way that the
insert extracts concrete in a conical shape, and
the dimension of the cone depends upon the size and
geometry of the experimental setup. Under this scenario,
the ultimate limit state situation is obtained, consisting of
a state of combined compressive and shear stress, making
the test exceptionally reliable.**'* The study by Kierke-
gaard® highlighted that an increase in ultimate load hap-
pens because of the state of stress internally within the
region of failure. The failure surface obtained from
the pull-out test method is similar to the failure surface
of concrete slabs in punching conditions when the bear-
ing ring is of a large radius. The literature survey indi-
cates that there are studies and models available on the
pull-out method for the determination of on-site strength
of normal weight concrete, but very limited studies and
models are available on the pull-out method of light-
weight concrete. The present study aims to experimen-
tally evaluate the compressive strength using the pull-out
method for LC-SFA for a wide range of compressive
strengths from 20 to 50 MPa. The theoretical boundary
condition of the pull-out test considered in this study
relates to concrete being subjected to compression
between the counter-pressure ring and expanded ring,
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wherein concrete is assumed to be homogenous, linear
elastic, infinite half-space with radial symmetry. The
compressive strength of concrete is directly related to
the pull-out force needed to disladge the concrete frus-
tum. In the test, the steel disk has been assumed to be
perfectly bonded with the concrete until failure, The top
surface of the concrete subjected to pull-out force has
been assumed to be free from external stresses. The pull-
out test involved drilling a hole into concrete to a specific
depth and diameter (the hole diameter was 18.4 mm and
the expanded insert diameter was 25 mm). During the
test, concentric load is applied as a pulling force to the
ring, where the applied force is pointed towards the mid-
dle portion of the recess. The pull-out test was complete
at the point when the conic frustum of concrete is dis-
lodged. The heterogeneity of concrete is not considered,
and the test assumes radial symmetry. The study also pre-
sents a comparison of the model developed based on
experimental data for the prediction of on-site strength of
LC-SFA with existing models for lightweight concrete.

2 | MATERIALS

In this study, lightweight concrete was produced using
Ordinary Portland Cement (OPC) 43 Grade conforming
to IS 269, sintered flyash lightweight aggregate (SFA), sil-
ica fume, a polycarboxylic ether-based superplasticizer
conforming to IS 9103, and fine aggregates conforming to
Zone II requirements of IS 383:2016. The SFA, used as
coarse aggregate, is brown with a black core, as shown in
Figure 1, and its microstructure is illustrated in Figure 2.
Two size fractions of SFA, 8-16 mm and 4-8 mim, were
utilized. The mechanical properties of SFA are listed in
Table 1, and the chemical composition of SFA and
OPC43 Grade cement is provided in Table 2.

The X-ray diffraction (XRD) curve of sintered flyash
lightweight aggregate is shown in Figure 3. The results
indicate the presence of different crystalline phases such
as quartz, mullite, muscovite, and albite. The hump in
XRD curve is characteristic of presence of glassy phase.
These sintered aggregates produced through the sintering
method have shown a quartz peak with a mild peak of
mullite. The abundance and type of crystalline phases are
dependent on the sintering temperature and composition
of flyash. The SFA under study comprises of class F
flyash (90%-92%), bentonite clay as a binder (1%-1.5%),
and coal (7%-8%). The sintering temperature for this
aggregate has been 1200°C. The higher sintering temper-
atures can lead to the formation of a specific phase, and
transformation happens to already existing phases. XRD
study has indicated that with an increase in treatment
ternperature on aggregate, a reduction in the quartz peak

FIGURE 1 (a) Sintered flyash aggregate, 4-8 mm. (b) Sintered
flyash aggregate, 8-16 min.

FIGURE 2

Microstructure of sintered flyash lightweight
aggregate (10 um and 1.5x).

occurs, and there is a mild increase in the mullite
peak.>*!% For the quartz phase, possible crystallization
can come into play during the cooling stage, but under
no circumstances it would be able to counteract the lat-
tice decomposition happening in the pre-sintering phase.
The mullite formed during the sintering phase contrib-
utes to the strength as well as durability of lightweight
aggregate. The combined grading of the coarse aggregate
conforms to the IS: 9142-2018"7 and is shown in Figure 4.

3 | MIX DESIGN

Sintered fly ash lightweight aggregates are highly porous
and exhibit a significantly higher water absorption rate
(about 18%) compared to conventional aggregates, which
absorb about 1.5%. This characteristic necessitates a dis-
tinct mix design method for lightweight concrete, as tra-
ditional methods used for normal aggregate concrete are
inadequate. Adding extra water equivalent to the aggre-
gate's absorption capacity directly into the mix leads to
segregation and reduction in the water-to-cement (w/c)
ratio, ultimately compromising the concrete's mechanical
properties.'® % The direct correction for water does not
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4 1 SINGH &t AL
TABLE 1 Mechanical properties of SFA used in the study.
LWA Specific Water absorptionat  Loosge bulk Crushing 10%
Fraction designation  gravity 24h (%) density (kg/m®) strength (N/mm®) fines (ton)
4-§mm LWA-I 1.47 17.50 813 8.80 -
8-16 mm LWA-II 1.49 17.93 849 7.70 3.60
TABLE 2 Chemical composition of SFA and OPC cement,
Loss of
Component CaO (%) Si0, (%) AlL0; (%) Fe03(%) S0:(%) MgO(%) Na,Oequivalent (%) ignition
SFA 245 62.50 25.85 4.19 0.29 0.53 0.77 1.48
Cement OPC 43 grade  59.60 21.22 7.19 4.25 2.50 1.9¢ 1.05 1.94
B-2-13-300123
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FIGURE 3

account for the influence of cement paste, which plays an
important role in the determination of the water absorp-
tion capacity of lightweight aggregate concrete. To
address these challenges, Singh et al.'® water absorption
curves incorporate the effect of cement paste for various
w/c ratios along with IS: 10262-2019,*! which is used for
mix design. Initially, 75% of the water is added to the
dry mix of materials, and mixing is carried out for

X-ray diffraction curves of sintered flyash lightweight aggregates.

2-3 minutes to achieve initial homogeneity. Subse-
quently, the remaining water, along with the admixture,
is added and mixed for an additional mixing period to
ensure consistency and workability. The obtained slump
was 75-100 mm. The concrete mix design is shown in
Table 3 (panels a and b) for a w/c ratio of 0.3 to 0.7 for
both lightweight and normal weight concrete, respec-
tively. The prepared concrete mix is then compacted into
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FIGURE 4 Combined grading of the sintered flyash
lightweight aggregate used in the study as per IS 9142,'7 upper and
lower limits.

the molds of the cube and cylinder in three layers.
The demolding process was carefully carried out after
24 h, ensuring the specimens retained their shape with-
out damage. Once demolded, the concrete cubes were
transferred to a curing environment that adhered to con-
trolled laboratory conditions, with a maintained tempera-
ture of 27°C + 2°C and relative humidity of 65% or more.

4 | DETAILS OF THE SPECIMEN

The concrete cube and cylinder specimens of strength
range from 20 to 50 MPa were prepared for carrying out
the pull-out test and measuring compressive strength in
the laboratory, while the cylindrical sample was cast to
find out compressive strength and carry out the stress-
strain test. Concrete specimen sizes prepared for the tests
are outlined in Table 4. The 150 mm size cubes and cylin-
drical specimens with a 150 mm diameter and 300 mm
height have been used to evaluate the compressive
strength as per IS: 516.”> The pull-out testing was con-
ducted as per ASTM C900.”> The prepared test specimens
are shown in Figure 5.

5 | CAPO-TEST PRINCIPLE

The on-site compressive strength of the existing structure
is measured by NDT tests. The outlines and procedure for
the use of the CAPO (cut and pull-out) test for the deter-
mination of compressive strength are mentioned in the
ASTM €900, BS 1881-207,>* and EN 12504-3.*° The
basis of the pull-out test is force needed for the complete
failure of the specimen is proportional to the concrete's
compressive strength measured by a standard cube or cyl-
inder.” The primary instrument used in the test is a
hydraulic pull machine having gauge ranges from 0 to
100 kN.** The standard rate of loading for a pull-out test

fibL—

involves applying a force at a consistent rate, measured
in millimeters per minute or Newtons per second. A load-
ing rate of 0.5 + 0.2 kN/s for 25 mm diameter inserts was
used in the present study.®® ASTM €900 insists on the
importance of a controlled loading rate and mentions
the need for a loading apparatus with sufficient capacity
to provide the decided loading rate.”® This machine is
designed to apply a controlled pull-out force to the split
ring inserted into the concrete. The hydraulic pull
machine has precise contro! and measurement, with an
internal resclution of 0.01 kN. The rate of loading during
the test has been applied gradually and without shock to
avoid premature failure or inaccuracy in the obtained
results. To determine the compressive strength of hard-
ened concrete using the pull-out test, the proper selection
of the test location is crucial, The selected location must
be free from reinforcement bars within the fajlure zone.
The geometry of the test depends on the nominal maxi-
mum size of the aggregate. Based on this size, the diame-
ter, d,, of the expandable insert head is chosen, which
should be at least two-thirds of the nominal maximum
aggregate size. The shaft diameter, dg, should not be
more than 0.6 times the d,. The test begins by drilling a
core hole with a diameter d, and a depth of approxi-
mately 2.5d;, normal to the concrete surface, using a
diamond-studded core bit. The top surface of the drilled
hole is then smoothed, and a recessed groove with a
diameter of d, is created at a depth equal to d, using a
diamond-impregnated grinding wheel. An expandable
insert, attached to an expansion tool, is placed into the
hole, ensuring it fits into the recess. When pulled during
the test, the insert expands and interacts with the
concrete.

The complete test procedure is shown in Figure 6 as
per the ASTM C900. Figure 6a shows the drilied hole and
recess after smoothing the top surface. Figure 6b shows
the expandable insert in the hole. Figure 6c shows the
recess occupied by an expandable insert. Figure 6d shows
the complete pull-out setup with the placement of a
counter-pressure ring (bearing ring) on the center of the
surface. The counter-pressure ring, placed centrally on
the surface, has an internal diameter of approximately
2.0-2.4 times the diameter of the insert head d,. The sur-
face beneath the counter-pressure ring must be smooth
to ensure uniform pressure distribution. Finally, the
hydraulic pull machine applies a load until failure occurs
in the concrete between the counter-pressure ring and
the expanded insert. In the experiment conducted, the
hole diameter d; was 18.4 mm, the expanded insert diam-
eter d, was 25 mm, and the counter-pressure ring's inter-
nal diameter d; was 55 mm. Figure 7ab show the
generalized dimensions and a cross-sectional view of the
instrument used, based on the instrumentation manual.
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TABLE 3 Concrete mix design details of lightweight concrete and normal weight concrete.

Panel a: Lightweight concrete
Aggrepate (kg/m®) _.
: : Compressive Density
Total water S 2 strength (MPa) Qeg/mm’)
OPC -+ silica Mixing Extra Admixture :

w/c fume (kg/m’) water water Fine B-16mm 48mm (kg/m®) Strength cov Density €OV

07 245(45+0) 170 103 816 383 252 0.10 19.16 6.1 1725 43

0.6 285(271+14) 170 26 764 390 256 114 23.66 52 1743 3.6

0.5 340(316 +24) 170 50 708 393 258 2.00 35.66 5.6 1795 3.4

04  425(382 +43) 170 84 646 390 256 2.60 4337 3.2 1840 26

0.3 566 (481 + 85) 170 64 573 377 248 3.80 57.66 3.5 1880 3.3

Panel b; Normal weight concrete

| Aggregate (kg/m®)
= ] . Compressive
OPC 4 silica  Water content “;‘?LL__ Admixture gheeusth (MPa) i Depaity (eg/m’)

“wie  fume (keg/m®y  Ckg/m®) Fine Z0mm . 10mm (kg/m®) Strength COV . Density COV

07  245(245+0) 170 705 805 540 0.20 23.50 3.77 2178 44

0.6 285(271+14) 170 690 795 520 0.60 30.50 3.01 2191 33

05  340(316+24) 170 660 775 516 0.50 43.35 5.27 2224 4.1

04  425(382+43) 170 580 775 515 0.80 55.72 3.7 2265 3.7

03  566(481 + 85) 170 493 742 495 1.00 62.85 3.24 2314 2.9

TABLE 4 Specimen dimensions for evaluating compressive strength, pull-cut strength and stress—strain.

8. no. Type of sample Sample gize (mro) Parameters evaluated
1 Cubes 150 x 150 x 150 Compressive strength and pull-out test
2 Cylinders 150 in diameter and 300 in height Compressive strength and stress-strain

FIGURE § (a)Concrete beams in
molds, cubes, and cylinders. (b) Test
setup for stress—strain behavior of
concrete under compression.

{a) (b)

Figure 8a,b depicts the CAPO test equipment and its use  during the application of the initial pull-out force, a ten-
on a concrete specimen. sile crack initiates from the top of the expandable insert.

The faiture mechanism during the test is divided into  This crack length ranges from 15 to 20 mm from the
three stages. The first stage, initial crack formation  expandable insert head at 30%-40% of the ultimate load.
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FIGURE 7 (a) Generalized pull-out test
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This tensile crack is shown in Figure 9a. As the pull-out
force increases further, the crack occurs due to compres-
sion between the counter pressure and the expandable
insert. This compression creates a strut-like mechanism,
causing micro-cracks within the concrete similar fo those
observed in a uniaxial compression test. This causes the
compression crack of the second stage, which is shown in
Figure 9b. Micro-crack at this stage simulates uniaxial
compression testing in the laboratory, which directly cor-
relates with the concrete’s compressive strength. In the
third stage, when the load applied during a puli-out test
reaches its maximum value, the concrete undergoes a
third stage of rupture. At this point, a crack forms due to
the combined effects of tensile and shear stresses. This
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crack extends from the outer edge of the insert head (the
part embedded in the concrete) to the inner edge of the
counter-pressure ring (the part that applies the pulling
force), creating complete detachment from the parent
concrete.’?>** Figure 9c shows the tensile-shear crack.
The study in the literature on lightweight concrete
made with SFA is scant when it comes to models
available for on-site determination of concrete using the
pull-out test. The sintered flyash lightweight aggregate
presents typical microstructural and mechanical charac-
teristics because of the energy intensive and thermally
ireated sintering process. In comparison to expanded
lightweighi aggregates or cold-bonded lightweight aggre-
gates, sintered flyash aggregates have exhibited a
ceramic-type matrix during the high-temperature sinter-
ing method, resulting in an aggregate with high porosity
and lower intrinsic crushing strength compared to con-
ventional natural aggregates. These specific properties
directly impact the interfacial transition zone (ITZ) and
fracture behavior, which are distinctly different from con-
ventional lightweight concretes.>® Past studies have
focused on the mix design or compressive sttength of
SFA-based lightweight concrete. Now, with an increase
in the use of LC-SFA, there is a need to evaluate
the applicability of existing empirical and analytical
equations and models available to predict the on-site
strength of concrete using the pull-out method and
develop new models for accurate prediction for LC-SFA.
The developed model will provide a reasonably accurate
estimation of compressive strength using the pull-out

test, as the conventional compressive strength tests are
labor-intensive and require large specimens that are not
ideal for on-site quality control. The CAPO test is a sim-
pler and comparatively less destructive method for
obtaining the concrete compressive strength value.

6 | RESULTS AND DISCUSSIONS

6.1 | Correlation of pull-out load to
cylinder compressive strength

The study aimed at developing a model for the determi-
nation of on-site compressive strength of LC-SFA with
better predictability and accuracy using the non-
destructive pull-out test on more than 70+ samples at
28-day age. The obtained result of the pull-out load was
used to find out the correlation between actual cylinder
compressive strength vs. pull-out load. The pull-out test,
particularly for lightweight concrete, immediately in wet

condition, leads to difficulties in achieving a reliable .

bond for moist cured concrete samples without a suffi-
cient period of drying because the lightweight aggregate's
water absorption is higher compared to normal concrete.
The results reported are on surface dry concrete with at
least 24 h of drying before the test. In the dry state, edges
in the case of both lightweight and normal weight aggre-
gates can engage with the cut or interfacial separation,
and this situation dictates the failure mode. On the other
hand, when the aggregate has moisture, the water
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FICURE 10

(b)

(a) Correlation of pull-out load to cylinder compressive strength for LC-SFA. (b) Residual error showing the difference

between the observed and predicted compressive strength values against the predicted strength for lightweight concrete.

present decreases the frictional force as the lubricating
effect of water makes it difficult to generate the required
frictional resistance to start a cut failure. The moisture
availability in aggregate weakens the interlock between
the aggregate and subsequently decreases the pull-out
force required to dislodge the concrete specimen. The
SFA in the present study is brought to a dry state condi-
tion to decrease the variation in pull-out results.

The interfacial transition zone (ITZ) in the case of
LC-SFA is denser compared to normal weight concrete as
reported in past studies.™ The ITZ is denser due to phe-
nomena called internal curing, and reactive surfaces also
contribute to prolonged hydration. This leads to the
refinement of the microstructure wherein the paste pene-
trates the porous lightweight aggregates and improves
the mechanical interlocking. Due to improved ITZ, the
initial bond strength improves in lightweight concrete
with sintered flyash lightweight aggregate, but porous

characteristics of lightweight aggregate create the 1TZ as
a conduit of crack formation once the critical stress level
is attained. The porous aggregate, due to improvement in
ITZ, improves stress transfer of loads, but inherent char-
acteristics of aggregates in terms of discontinuities create
preferred paths for initiation of cracks under the high
level of tensile stresses, particularly in the pull-out case.
The shift from a peak load to failure is influenced by I1TZ
quality and the presence in this zone. Since the ITZ is
superior in LC-SFA, the load transfer is uniform, leading
to a shift in mode of failure from initial adhesive bonding
to a mixed failure where micro-cracks start propagating
into both the ITZ as well as cement paste, with relatively
high energy needed to attain ultimate failure.

The actual cylindrical compressive strength versus
pull-out force plot is shown in Figure 10a, and its residual
plot is given in Figure 10b for lightweight concrete. Simi-
larly, for normal-weight concrete, it is shown in
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FIGURE 11 (a) Correlation of pull-out load to cylinder
compressive strength for normal concrete. (b) Residual
error showing the difference between the observed and
predicted compressive strength values against the predicted
strength for normal concrete.

254
Proposed f,,, =0.68P*"
20 4 .
i . R? = 0.97
15+
15 20 25 30 35 40 45
Pull out Force (kN)
(a)
5 =
4 B
3+ % &*
‘Zg 2} f lliﬁ! &
" B
21r m %"
S o L g B By f
&= ™ oy @ oayy
-1k W
Wy =
2t » *
[ ] B
_3 i 1 i ] J
10 20 30 40 50

60

Proposed Cylindrical Compressive Strength (MPa)

(b)

Figure 1la,b. The fitting process using regression indi-
cated the correlation coefficient (R*) = 0.97 between pull-
out force and compressive strength, indicating a very
high level of correlation. From the regression analysis,
95% confidence intervals (CI) and prediction intervals
(P1) were calculated. The CI quantifies the uncertainty in
estimating the mean compressive strength for a given
pull-out load, while the PI accounts for variability in indi-
vidual observations. Figures 10a and 1la represent the
predicted compressive strength, corresponding confi-
dence, and prediction intervals for select values of pull-
out load. The narrow CI and reasonable width of PI indi-
cate that the developed model is statistically robust and
suitable for practical applications. This demonstrates the

fact that pull-out tests can be adopted for on-site com-
pressive strength with a high depree of accuracy. The
residual plot was generated by plotting the difference
between the observed and predicted compressive strength
values against the predicted strength. The residuals
appear to be randomly scattered around zero with no

apparent pattern. The residual plot shows values between
—2 and 3 MPa, indicating the compatibility of the pro-
posed model. The formula used by the ACI guidelines
relates the pull-out force (P) to the compressive strength
(f;) through a calibration factor. The general representa-
tion of the formula by ACI is expressed as Equation 1.

fc:k'Pn (1)

where fc is compressive strength of concrete; P is pull-out
force measured in the CAPO test; k is calibration con-
stant specific to the concrete type and testing conditions;
and n is exponent that correlates pull-out force to com-
pressive sirengih, determined by empirical testing. ‘

To develop a similar expression in line with the ACI
empirical equation, Equation 2 is obtained through
non-linear regression analysis for the sintered flyash light-
weight aggregate-based concrete, and Equation 3 is proposed
for normal weight concrete (NC). Both proposed Equations 2
and 3 show a high correlation coefficient (R?) of 0.97.
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Proposed f . ; for lightweight concrete (MPa) =0.80 - P'**

(2)

Proposed . for normal weight concrete (MPa) = 0.68 . P*1?

®3)

Figure 12 compares the proposed model (Equation 2)
for sintered fly ash aggregate-based lightweight concrete
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4t :
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FIGURE 12 Comparison of pull-out load to cylinder

compressive strength between the proposed model and other
models.

FIGURE 13 (a) Correlation of puii-out load to cube
compressive strength for LC-SFA. (b) Residual error showing
the difference between the observed and predicted compressive
strength values against the predicted strength for lightweight
concrete,

Residual

fibL

with the proposed model (Equation 3) of normal-weight'
concrete (NC) and other established models. These
include the manufacturer's curve, the ACI-228"° model,
and the Jensen et al.>’ models for normal-weight concrete
(NC), as well as the Krenchel et al.** model for light-
weight concrete (LC). Figure 12 shows that as the pull-
out load increases, the compressive strength also
increases for both normal and lightweight concrete. For
normal-weight concrete, the presence of higher density
and strong normal aggregates surrounding the paste pro-
vides resistance to failure in the compression zone
between the expandable insert and counter-pressure ring
of pull-out equipment. Also, it can be inferred that for a
given compressive strength, lightweight concrete shows
less pull-out force as compared to normal-weight con-
crete. The difference in test results of compressive
strength corresponding the pull-out load obtained experi-
mentally to existing models arises due to the reason that
existing models fail to take into account for the lower
crushing strength and brittleness of sintered flyash light-
weight aggregate and its unique through-aggregate frac-
ture failure mode compared to normal weight aggregates
where the normal aggregate avoids through aggregate
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FIGURE 14 (a) Correlation of pull-out load to cube compressive strength for normal concrete. (b) Residual error showing the difference
between the cbserved and predicted compressive strength values against the predicted strength for normal concrete.

fracture mode of failure by resisting the applied pullout
load. The localized bond resistance measured through
cut and pull-out CAPO tests in the case of lightweight
aggregate is not covered in existing models, where global
compressive loading and the weak aggregate phase dic-
tate the overall mode of failure.

This difference can be attributed to the combined
effects of density and apgregate properties, microstruc-
ture differences, brittleness, and failure mechanisms of
the concrete. The reduction in pull-out force for light-
weight concrete for a given strength level is mainly due
to the absence of interlocking between the aggregate,
contributing to the failure. The failure mode consists of
either vertebral or vertebral-based bond failure. The ver-
tebral failure mode happens during the loading, wherein
end displacement at the loading side increases due to an
increase in pull-out force, and some increase in displace-
ment is also noticed for a short period during a decrease

in pull-out force. The vertebral failure of the concrete
specimen in the pull-out test approximately resembles a
frustum of a cone. The radial cracks also get generated
during the application of pull-out force on the surface
extending outwards to around 30-35 mm from the sup-
porting base. The vertebral-based bond failure is found
under the loaded condition. The characteristics of the test
surface have a very small influence on modes of failure
under the pull-out test, and the most common mode of
failure noted is vertebral failure mode.

6.2 | Comparison of pull-out load to cube
compressive strength between the
proposed model and other models

The pull-out load is correlated with the cube compressive
strength, as illustrated in Figures 13 and 14, and its
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FIGURE 15 Comparison of pull-out load to cube compressive

strength between proposed and other models.

~
=1

~=— Proposed_Cube (LC)

F ~———- Proposed_Cylinder (LC) —(1 89. D1

g .- Aclx’_Cynn?a (NC) o en=0.89-P

g 50 « ===+ ACI_Cube {NC) T fn QTGP

7] -+ Proposed_Cube (NC) - et =0.75.-pLu

8 - - Proposed_ Cylinder (NC) - T “;«//‘%-B-P‘ i

2 e -2 =0.69-p112

o o Y2068 P12

2 30 i v

g

&

]

S 10 . n . 7
10 15 20 25 30 35 40 45

Pull-out Foree (kN)
FIGURE 16 Proposed correlation for lightweight concrete.

relationship is represented by the proposed model, as
shown in Figure 13a and its residual in Figure 13b for
lightweight concrete. Similarly, for normal-weight con-
crete in Figure 14a,b.

To keep the equation similar to the proposed model
for cylindrical compressive strength and ACI-228, Equa-
tion 4 is developed through non-linear regression analysis
and proposed for the sintered flyash lightweight
aggregate-based concrete, and Equation 5 is developed
through non-linear regression analysis and proposed for
normal-weight concrete (NC). Both proposed Equations 4
and 5 show a high correlation coefficient (R?) of 0.97,
indicating excellent agreement between the predicted
compressive strength and the measured values. From the
regression analysis, 95% confidence intervals (CI) and
prediction intervals (PI) were calculated. The CI quan-
tifies the uncertainty in estimating the mean compressive
strength for a given pull-out load, while the PI accounts
for variability in individual observations. Figures 13a and
14a represent the predicted compressive strength, corre-
sponding confidence, and prediction intervals for select
values of pull-out load. The narrow CI and reasonable
width of PI indicate that the developed model is statisti-
cally robust and suitable for practical applications. This
demonstrates the fact that pull-out tests can be adopted
for on-site compressive strength with a high degree of
accuracy. The residual plot was generated by plotting the
difference between the observed and predicted compres-
sive strength values against the predicted strength. The

fibl =

residuals appear to be randomly scattered around zero
with no apparent pattern. The residual plot of the major
portion shows values between —2 and 4 MPa, indicating
the compatibility of the proposed model.

Proposed f ;. for lightweight concrete =0.89. P*1¢  (4)

Proposed f ., for normal weight concrete =0.75 - p*16

(5)

Figure 15 in the comparison of the proposed model
(Equation 4) of sintered flyash aggregate-based light-
weight concrete with the proposed model (Equation 5) of
normal concrete, ACI-228.2R,** ACI modified linear
curve model of normal weight concrete. Similar to the
trend observed for a given compressive strength in
the case of cylindrical specimens, lightweight concrete
shows less pull-out force compared to normal concrete.
The study reveals that existing empirical equations avail-
able for normal-weight concrete to predict the compres-
sive strength on the basis of pull-out force will not be
applicable to lightweight concrete. The developed model
will help in predicting the compressive strength of LC-
SFA using the pull-out test with a higher degree of accu-
racy. Figure 16 shows the proposed correlation for light-
weight and normal concrete for cube and cylindrical
compressive strength. The proposed model for light-
weight concrete is compared with the proposed model of
normal-weight concrete and the existing ACI-228.2R"
model for normal concrete. The proposed model for nor-
mal concrete is similar and comparable to the ACI
model. The difference between the predicted
strength value using the pull-out test for both normal
and lightweight concrete for a given strength level
increases with an increase in compressive strength. The
difference in predicted compressive strength value for
lightweight concrete by the pull-out test using the devel-
oped equation is about 15%-18% higher than the ACI
equation and the proposed equation for normal concrete,
indicating that for a given pull-out force, lightweight con-
crete shows more compressive sttength compared to nor-
mal concrete.

The percentage variation in compressive strength pre-
dicted using equations developed by past researchers
adopting the pull-out test method and the difference in
compressive strength prediction with the developed
model are shown in Table 5. The percentage variation in
compressive strength predicted by different models varies
from —2% to 80%. The model developed by Jensen and
ACI for normal concrefe gave values somewhat close to
the experimental results. However, the variation was
more than 15% in the case of ACI, and in the case of
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TABLE 5 Existing empirical equations for pull-out test comparison to proposed model.
Equation (cylinder Equation % Variation in compressive Afca (MPa) from
S. no. References strength) (cube strength) strength of LC 20 te 50 MPa
1 Proposed (LC) 0.8.p+12 0.89.p*16 . -
2 Proposed (NC) 0.68.p1*2 0.75.p*16 15%-18% ~21t0 ~6
3 ACIV 0.69.p*12 0.76.p*1% 15%-18% ~21tc ~6
4 Manufacture's 1.25P-6.25 - 38%-14% —4)to —-5.5
5 Jensen® 1.12pP - ~2% to 10% +0.5 to —4
6 Krenchel™ - - 60%-80% ~5.51t0 —20
50
ol Lix:::::r(fé)l)m J be rigid, whereas concrete 'along the conic;'ﬂ failure sur-
w0 |~ ACT (Moczko etal NO) __;s,gﬁf*:/ face is assumed to be plastic. In the analytxcal. model by
——Jemsen & Bracstrup BRI P Jensen and Braestrup, the concrete of the failure cone
3RS enite ey P = body was considered rigid, whereas the concrete of the

30

Cylindrical Compressive Strength (MPa)
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Pultout Force (kM)
FIGURE 17 Comparison of experimental data, proposed

empirical model, and analytical model by Jansen and Braestrup,
and modified Jansen and Braestrup model for lightweight concrete.

Jensen, the values were on the lower side. The model
reporied in the literature for compressive strength predic-
tion of lightweight concrete by Krenchel was also found
to be not applicable in the case of LC-SFA. The variation
in the predicted compressive values by different models
using pull-out force increases as the strength of concrete
increases.

6.3 | Comparison of the developed model
with analytical models

Few analytical models have been developed in the past to
determine compressive strength using the cut and pull-
out CAPO test by Jensen and Braestrup,* Bortolotti,**
and Brencich.*> The studies by Li et al*®*™® have
highlighted that the Jensen and Braestrup equation pro-
vides a good fit for test data compared to the Brencich
and Mockzko equations. The analytical equation by Jen-
sen and Braestrup indicates that pull-out force variation
is directly related to the variation in concrete's compres-
sive strength and failure cone geometry. The theory
behind the analytical equation by Jensen and Braestrup
assumes concrete between the body of the failure cone to

conical failure surface was considered plastic. The Jensen
and Braestrup equation, given as Equation (6), has been
obtained by equating the rate of internal and external
work done through which a pullout force can be
obtained.

fcyZZP/S(I_Sin(P) (6)

In the model by Jensen and Braestrup, the pull-out
force is directly correlated to the compressive strength of
concrete (f.) in MPa, the conic shape failure surface area
(s) in mm?, and the material's angle of internal friction is
(), which is assumed as half of the apex angle. The Bor-
tolotti's compressive strength model was derived consid-
ering rigid plastic theory,’® and it was developed under
the assumption that the concrete undergoes a hardening
process in tension due to the small size of the reaction
ring in the apparatus. Bortolotti's equation is shown in
Equation (7).*

f.=P/(0.15625.t.5 — 0.0190625.P) (7)

In Bortolotti model, f; is the concrete’'s compressive
strength (MPa); S is conic shape failure surface area in
mm? Pisa pull-out force in N; and t is obtained as ratio
of assumed to actual tensile strength. Bortolotti model
comes out to be the same as the Jensen and Braestrup
model when the angle of internal friction is taken as half
of the failure cone apex angle.”

The comparison of experimental data, proposed
empirical model for lightweight concrete, and analytical
model developed by Jansen and Braestrup for compres-
sive strength determination using cut and pull-out CAPO
test has been shown in Figure 17. In Figure 17, the Jan-
sen and Braestrup model has been modified using a
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factor determined based on experimental data to predict
the compressive strength with more accuracy and reli-
ability for lightweight concrete made with sintered flyash
lightweight aggregate.

The modified Equation (8) of the Jansen and
Braestrup analytical model can be as follows for predic-
tion of compressive strength of LC-SFA using the cut and
pull-out CAPO test method:

S eytmodified for1.c) = K X 2P/S (1~ Sin ¢} (8)

where K is (0.005 x P + 0.925) and is the correction coef-
ficient for LC-SFA. The factor K has been developed
based on experimental data, which takes into account the
material's non-linear behavior, porous microstructure,
and bonding characteristics within the matrix of light-
weight concrete. The value of K can be modified for the
other types of lightweight concrete based on experimen-
tal data. The energy required for crack propagation is
lower than that of normal concrete, indicating more brit-
tle behavior and through-aggregate failure modes. The
relatively weak lightweight aggregate under load causes
the propagation of micro-level cracks within 1TZ, extend-
ing into the aggregate. Whereas in normal-weight con-
crete, which is strong, it helps in resisting or slowing
down the progression of micro-level cracks, with a more
controlled failure mode, and is not dominated by direct
fracture through the aggregate.

6.4 | Validation of pull-out load results
to stress-strain parameters of concrete

The stress-strain curve for concrete with LC-SFA and
normal concrete is shown in Figure 18. When comparing
the stress—strain behavior of normal and lightweight con-
crete, it is observed that the ascending branch of normal
concrete remains linear up to 45%~-50% of the peak load,
but in the case of lightweight concrete, it exhibits a
higher degree of linearity, extending to approximately
80% to 85% of the peak load. The descending stage of LC-
SFA is steeper than that of normal concrete, especially
for higher strength levels above 25 MPa, indicating
greater brittleness.

In Figure 19a, the plot of the ratio of ultimate strain
(eu) to strain at peak stress (eo) corresponding to peak
stress has been shown for concrete with sintered flyash
lightweight coarse aggregate and normal weight concrete.
Figure 19b presents the developed trend line of the ratio
of ultimate strain to strain at peak stress vs. peak stress
for normal and lightweight concrete. The results pre-
sented in Figure 19, indicate that with an increase in

fib L =

— - —-Lightweight Concrete

-\ ——~-Normal Concrete
// P

Stress (ViPa)

¥ ¥ T 1
0 2000 40600 6000 8000
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FIGURE 18  Stress-strain curve for normal concrete (NC) and
light-weight concrete (LC).

compressive strength of concrete, the eu/eo decreases for
both lightweight and normal weight concrete. The
ascending linear part of the stress—strain curve represents
the elastic behavior and reflects the overall stiffness of
the LC-SFA. The stiffness is primarily impacted by the
aggregate-paste matrix bond quality. The cut and pull-out
test quantifies the parameters related to the pull-out test,
such as initial bond strength and resistance to interfacial
separation of concrete. The impact of the bond is related
to the modulus of elasticity and the initiation of cracking.
The early linear part of the stress-strain curve is related
to the effective bonding property assessed through the
cut and pull-out test. The surface characteristics of light-
weight aggregate, along with its porous nature and inter-
nal curing effects in lightweight concrete, contribute to a
more refined and enhanced ITZ. This results in the for-
mation of a monolithic ITZ, ultimately extending the
ascending branch of the compressive stress-strain curve,
In lightweight concrete, failure occurs in a brittle manner
once a fracture is initiated due to a weaker aggregate
interlocking mechanism, causing cracks to propagate
through the aggregates.*™ In contrast, normal concrete
experiences fracture initiation at the aggregate-mortar
interface, with cracks propagating around the aggregates.
The pull-out test captures the localized failure, such as
micro-level cracking and pull-out phenomena at the
aggregate paste interface. The pull-out test helps to inter-
pret the softening and brittle behavior, which may appear
as the stress—sirain curve reaches peak strength and
drops sharply after reaching peaks. The sintered flyash
lightweight aggregate, due to its typical microstructure,
compared to normal concrete, shows a longer linear
response and a steeper descending branch, addressing
the heterogeneity in the materials at the micro-scale, ulti-
mately influencing macro-scale failure in the pull-out
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FIGURE 19 (a) Ratio of ultimate strain

to/en _1LC q A

- to strain at peak stress vs. compressive stress
ro/su _NC . .
LC for normal and lightweight concrete.

NC (b) Trend line of ratio of ultimate strain to
strain at peak stress vs. compressive stress
for normal and lightweight concrete.
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Comparison of compressive strength from developed model using cut and pull-out test and concrete core test for lightweight

Relative error (core

8.  Concrete core strength of Cut and puill- Cylindrical compressive strength uging strength ~ pull-out)/
0o, 100 mm diameter (MPa) out force (kN)  developed model for cut and pull*ou_t Core strength

1 21.25 19.60 2240 541

2 20.75 17.25 19.42 6.40

3 23.95 21.55 24.92 4.40

4 35.05 33,97 41.50 18.40

5 33.76 32.69 39.75 17.74

6 3843 36.23 44.60 2242

test. The lower intrinsic modulus of concrete with sin-
tered flyash lightweight aggregate iterates the fact that
the bond between paste and aggregate for lightweight
concrete is lower than that for normal weight concrete,
and also, aggregate interlock is minimal, resulting in
lower pull-out force.

The lightweight concrete generally exhibits through-
aggregate type fracture on the conical failure than normal
weight concrete, due to the intrinsic properties and
microstructure of the aggregate. Under the pull-out load,
the weak aggregates allow propagation of cracks directly
through and through rather than deflecting or inhibiting
at the boundary of the aggregate, leading to through-
aggregate fractures on the failure plane. The low level of
fracture energy and diminished crack-arresting behavior
of sintered flyash lightweight aggregate indicate that after
initiation of a crack, there is an easy pathway for crack
propagation through the aggregate. The above-mentioned
factors highlight that concrete made with sintered flyash
lightweight aggregate shows brittle conic failure with
pronounced through-aggregate fractures, where the
aggregate does not provide a barrier to the propagation of

the crack into the aggregate, influencing the failure
under pull-out stresses.

6.5 | Verification of the developed pull-
out model with concrete core test results

The reliability and accuracy of the developed empirical
model for determining compressive strength of light-
weight concrete using the cut and pull-out test have been
checked through a limited number of concrete core sam-
ples extracted from a three-year-old concrete bearn cast
with lightweight aggregate at laboratory scale. The results
are given in Table 6. The concrete core of 100 mm diame-
ter was extracted from the concrete beams, and on the
same beams cut and pull-out test was performed.
The height-to-diameter ratio of concrete cores was nearly
kept constant in the range of 1.05-1.10. A total of six con-
crete cores have been taken from two concrete mixes
having a w/c ratio of 0.6 and 0.4 (as shown in Table 3,
panel a), with 28-day cube compressive strengths of 23.66
and 43.37, respectively. The concrete cores were extracted
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from each of the two mixes mentioned above. The aver-
age of three concrete cores tested in compression repre-
sents effective data for each mix. The concrete cores are
properly cut and ground for applying uniform loading.
For the concrete core diameter of 100 mm and aspect
ratio (length to diameter of core between 1.05-1.10), it
can be assumed that concrete core strength is equivalent
to the compressive strength of a 150 mm cube of the
same concrete strength as per EN-13791,"%

The relative error between the core strength and the
cut and pull-out strength obtained using the developed
model varies between 4.40 and 5.41 for lightweight con-
crete having a w/c ratio of 0.6 (Table 6). The relative
error between the core strength and the cut and pull-out
strength obtained using the developed model varies
between 17.74 and 22.42 for lightweight concrete having
a w/c ratio of 0.4 (Table 6). The results indicate that the
cut and pull-out method overestimates the compressive
strength significantly compared to concrete core test
results for lightweight concrete grades having strength
above 30 MPa, as seen from the cut and pull-out results.
These findings are similar to the study done by Yang
et al.'* using the modified pull-out test method for on-site
strength determination. In the present study, only limited
concrete core samples could be extracted for verification
of the developed model for lightweight concrete with sin-
tered flyash lightweight aggregate. However, the devel-
oped model can be further calibrated through the
accumulation of field data. The cut and pull-out test
directly depends upon the measurement of pull-out force,
and the pull-out force is snapshot to the current strength
of concrete. The current strength of on-site concrete,
depending upon the mix composition, gets influenced by
ongoing hydration, environmental conditions such as the
curing regime, and changes in the microstructure of con-
crete over time. The consideration of long-term strength
development law becomes critical when test is conducted
at longer ages and environmental conditions are different
than the standard. The developed model for lightweight
concrete using sintered flyash lightweight aggregate in
the present study does not account for predicted strength
gain over time.

7 | CONCLUSIONS

The objective of the present study was to assess the appli-
cability of the existing models which has been established
earlier for normal concrete for predicting on-site
compressive strength of lightweight concrete made using
sintered flyash lightweight coarse aggregate using the
pull-out method. Additionally, the study also aimed to
develop a new correlation between the pull-out force and

fib L=

compressive strength of concrete for both cylindrical
and cube compressive strength when sintered flyash
lightweight aggregate is used as the coarse aggregate.
Based on the study conducted, the following conclusions
are drawn:

» The pull-out method adopted in the study has demon-
strated that the in-place compressive strength of con-
crete can be predicted with high accuracy and betier
repeatability of concrete made using sintered flyash
lightweight coarse aggregate.

= The test results indicate that for a given compressive
strength, lightweight concrete shows less pull-out force
as compared to normal-weight concrete. The reduction
in pull-out force for lightweight concrete for a given
strength level is mainly due to the absence of aggregate
interlock contribution to the failure mechanism. The
lightweight concrete generally exhibits through-
aggregate type fracture on the conical failure than nor-
mal weight concrete, due to the intrinsic properties
and microstructure of the aggregate. Under the pull-
out load, the weak aggregates allow propagation of
cracks directly through and through rather than
deflecting or inhibiting at the boundary of the aggre-
gate, leading to through-aggregate fractures on the fail-
ure plane.

« In the pull-out test, the failure mode consists of
vertebral and vertebral-bond composite failure. The
test surface characteristics have a very small influence
on the failure modes under the pull-out test, and the
most common mode of failure noted is vertebral
failure.

« The proposed model for sintered fly ash aggregate-
based lightweight concrete has been compared with
various established models, mainly for normal-weight
concrete. These included the manufacturer’s curve, the
ACI-228 model, and the Jensen et al. models for
normal-weight concrete, as well as the Krenchel et al.
model for lightweight concrete. The percentage vatia-
tion in compressive strength predicted by different
models varies from —2% to 80%. The model developed
by Jensen and ACI for normal concrete gave values
somewhat near to the experimental resuits; however,
the variation was more than 15% in the case of ACI,
and in the case of Jensen, the values were on the
lower side.

» The lower intrinsic modulus of concrete with sintered
flyash lightweight aggregate, as evident from stress-
strain behavior, iterates the fact that the bond between
paste and aggregate for lightweight concrete is lower
than normal weight concrete, and also, aggregate inter-
lock is minimum, resulting in lower pull-out force.
The impact of the bond is related to the modulus of
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elasticity and initiation of cracking. The early linear
part of the stress-strain curve is related to the effective
bonding property assessed through the cut and pull-
out test. The surface characteristics of lightweight
aggregate, along with its porous nature and internal
curing effects in lightweight concrete, contribute to a
more refined and enhanced ITZ.

The study revealed that existing empirical equations
available for normal-weight concrete to predict the
compressive strength based on pull-out force will not
apply to lightweight concrete. For high accuracy and

repeatability, the proposed model for the prediction of
cylindrical compressive strength and cube compressive
strength of sintered flyash lightweight aggregate-based
concrete is  fo, =08 P and  fo=0.89-P7

rESEECthGIZ.

The Jansen and Braestrup analytical model can be .

modified as fog(modified for Loy = K X 2P/S (1 — Sin ¢)
for prediction of compressive strength of lightweight
concrete using the cut and pull-out CAPO test method,
where K is (0.005 x P + 0.925) and is the correction
coefficient for lightweight concrete made with sintered
flyash lightweight aggregate.
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