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ABSTRACT
The successful application of a concrete repaitegyss often evaluated through pull-off
testing. For sucim-situ quality control (QC) testing, the inherent riskroisalignment might
affect the recorded value and eventually make faréifice in the acceptance of the work. So
far, the issue of eccentricity in pull-off testihgs been ignored in field practice, because it is
seen as an academic issue. This paper presemtsthies of a project intended to quantify the
effect of misalignment on pull-off tensile strengévaluation and provide a basis for
improving QC specifications if necessary. The f@msigram consisted first in an analytical
evaluation of the problem through 2-D FEM simula@nd, in a second phase, in laboratory
experiments in which the test variables were theatignment angle (0°, 2° and 4°) and the
coring depth (15 mm [1.18 in.], 30 mm [2.36 inlf)was found that calculations provide a
conservative but realistic lower bound limit foragwation the influence of misalignment
upon pull-off test results: a 2° misalignment cam dxpect to yield a pull-off strength
reduction of 7 to 9 % respectively for 15-mm [1ihg§-and 30-mm [2.36-in.] coring depths,
and the corresponding decrease resulting fromraigdlignment reach between 13 and 16%;
From a practical standpoint, the results generatéuis study indicate that when specifying a
pull-off strength limit in the field, the value shid be increased (probable order of

magnitude: 15%) to take into account the potengéidliction due to testing misalignment.

Keywords: bond, coring, inclination, misalignment, numericnulations, pull-off test,

repair, stress concentration.
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INTRODUCTION
Repairing and overlaying of deteriorated concrdtactures are intended to extend their
useful service life, to restore their load-carryrapacity and stiffness, and/or sometimes to
increase their load-bearing capatitiy order to achieve satisfactorily any of thebgectives,
full composite action of the repaired structure as prerequisite, which implies the
development of a sufficiently strong and lastingidbdetween the existing substrate and the

newly cast materidt?

Concrete repair process usually involves the remofvaeteriorated or contaminated material
and surface preparation prior to application ofepair materiaf. The residual surface

characteristics can significantly affect the boncersggth and long-term performance of a
repair system. Although it is not a common pracyiee mechanical integrity of the prepared

concrete substrate should be assessed prior tiv aspgart of the QC operatiols!

The pull-off test is a simple and effective test dvaluating both the mechanical integrity of
the substrate prior to rep&ir'® and the interface bond strength in the composipaired
structure. As any other direct tensile loading expent for concrete, the results yielded with
test procedure are sensitive to different pararsetér fact, it is even more sensitive because
it is carried out in field conditions. In a preu®research effort by some of the autffor§

the influence of different test parameters uporréoerded strength was investigated, namely
the dolly size (thickness, diameter), the corelidgldepth, the loading rate, and the number
of tests. Diameter of the dolly and core depth wierend the most significant parameters
affecting the measured tensile strengtt*"*®**Geometry of the dolly and core drilling

depth into the substrate were also found to bealitactors when testing for bond in repair
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Another potentially influential parameter of thellpaff test, namely the test alignment, has
not received much attention yet. Still, the primaeguirement in any direct tension test
method is to ensure the pulling force is alignethvaind parallel to the specimen axis at all
times in order to avoid bending effects. Two mawuses may usually induce misalignment
in a pull-off experimerff: inclination of the core axis caused by inaccuratee drilling
(Fig.1a)) and inclination of the pulling force cadsby inaccurate positioning of the dolly
(Fig. 1b)). Real world, on-site conditions are oftemiting the capability of the personnel
performing the test to avoid the misalignment gitres. Pull-off test misalignment very
often arises from difficult on-site conditions, Buas a highly irregular support preventing a
proper installation of the drilling system and thigading to inaccurate coring. Special
devices can help limiting the risk for loading ntigament. For instance with thieimpet

device, the load is applied through a guiding¥bd.

Austin et al** investigated the effect of misalignment on recdrgall-off strength data. The
average eccentricity in their experiments was 1 [©.059 in.] at a depth of 50 mm [1.97
in.], translating into an angle of inclination of71. The study concluded that such a
misalignment caused an increase in maximum stréstheo order of 20% at the core
peripheny’ Clelandand Long® performed numerous tests on cores drilled to @hdep to 40
mm into the repair substrate and inclination to tk#ical of up to 20° in order to evaluate
what effect it has on the measured pull-off bondrgith. The authors proposed a correction

factor to be applied to the measured results basebde magnitude of the inclination angle:
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Br = (1)
wherea, D, y are the angle of inclination of the coring axisitwespect to an axis
normal to the surface), the core diameter, ancttiimmg depth respectively, as shown in Fig.

2.

Misalignment in pull-off tests may have a substrntfluence upon test result for angles of
inclination of more than 5° (Fig. 2). Reductiondare depth or increase in dolly diameter
tends to minimize the negative effects of misalignin It should be stated, however, that the
above conclusions are strictly theoretical in matas they do not take into account such
factors as potential stress relaxation and theilptiss that the core brittle zones are not

necessarily corresponding to the stress concemratines.

These are only geometrical and theoretical conaiaers. The research work reported in this
paper was intended to verify these conclusions ®ama of numerical simulations and

experimental assessment.

RESEARCH SIGNIFICANCE
Practical experience with in-situ pull-off testisgows that it is next to impossible to drill
cores exactly at 90° to the surface and installietowith the adhesive perfectly parallel to
the tested concrete surface, even with the greeaéest Moreover, a misalignment angle up to
5 cannot be easily detected by human eye. In cwlezvaluate the pull-off test result
sensitivity to theses parameters, an experimemtgram aiming at answering the following
guestions was undertaken:

* What is the influence of minor load misalignments, within naked-eye detection
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capability, upon pull-off strength test results?

» Do coring and pulling load misalignments influenice results differently?

The results are anticipated to provide guidanceatds improved reliability of pull-off

strength test results and adapted means, if reumeensure that the test results are valid.

METHODOLOGICAL APPROACH
The objective of this program was to evaluate tiece of coring and/or load misalignment
upon the results yielded in pull-off tests, eitf@rthe assessment of (a) quality/integrity of a
concrete substrate (monolithical), or (b) bond rgjtk in a repair system (composite). A
theoretical analysis based on finite-element nurakrcalculations was first carried out to
determine whether the core axis and load misalignneeuld influence the pull-off test
results in a different fashion and assess the Hveemsitivity of the results to the
experimental bias. A test programs were then caedudn the laboratory, involving

experiments on both monolithically concrete sulbsfrand composite repair systems.

The following parameters were addressed in the noaleanalysis and laboratory
experiments:

» Coring axis inclination angle;

» Pulling force inclination angle;

» Core depth in the substrate.

The numerical and experimental test programs amarsarized in Table 1. In each case, the

test parameter values were selected to cover tigeraf possibilities encountered in practice:
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coring / pulling misalignment is investigated upato angle that can be detected by the naked
eye, whereas coring depth values are representativest common standard procedures for

pull-off testing.

Numerical calculations

Finite element (FEM) calculations were performedhgsthe Lagaprogs softwaré® (tool
developed at the University of Liége, Belgium) tegict the stress development within and
around the cored area in a concrete substratenassa perfectly elastic behavior, isotropic
concrete properties, and isothermal condifiang/ith these assumptions, it was not possible
to evaluate the theoretical ultimate load and th&imum load considered in the analysis was

limited to 50 % of the ultimate load (correspondio@ testing stress of 0.50 MPa [72.5 psi]).

The pull-off testing experiment was addressed &ascadimensional plane strain problem.
The typical boundary conditions and loading schesoasidered in the simulations are
presented in Fig. 3. The load was assumed to bebdi®d uniformly over the specimen top
surface, implying that the results are not influsshbdy the dolly material characteristics and
geometry. Fig. 4 shows an example of the mesh dsedhe FEM-based simulations

(example shown: angle of inclination of 4nd a core depth of 30 mm [2.36 in.]). The 2-D
analysis was performed over the longitudinal csesgion. As shown in Figs. 4 and 7, three
different mesh sizes were used depending on tlee &yevithin the core and below; 2) in the
slab outside the core; 3) immediately below the satv The mesh implemented within and
right below the cored area was denser than inuh@wsnding slab bulk concrete, in order to
study more finely the local stress distributiorthe critical areas, especially in the vicinity of

the cut. An even finer squared mesh was used inatedgdibelow the saw cut (under points A
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and B in Fig. 4), the size of the element corresipamto the thickness of the saw.

The concrete physical characteristics assumeckiarnialysis were the following:
» Elasticity modulus: 30 GPa [4350 Ib/in?];
» Poisson ratio: 0.20;
« Density: 2500 kg/rh[4215 Ib/yd3];

» Test load to yield an average stress of 1 MPa i 7.85 kN [1,77 Ib].

Analysis of the stress distribution in the critigakas of the cored substrate is expected to
help evaluating the sensitivity of test resultsrtisalignment and to determine whether load

inclination and coring axis shift exert similarluénce.

Laboratory experiments

The experimental test program was subdivided wtparts. In Part I, tests were performed
on monolithic test slabs to assess the influenceis@lignment on tensile pull-off strength
data and to compare the results with modeling. drt R, tests series were conducted on

repaired slabs.

Part | — Experiments on monolithic test slabs

Series of six 608400x100 mm [23.6215.75¢<3.94 mm] concrete test slabs were prepared for
Part | using three different ordinary Portland catrencrete mixtures, C30/37, C40/50, and

C50/60, named after their respective design sthemghges in MPa units. The concrete

mixture composition details are summarized in Tahlduring the initial 48-hour period

after casting, the slabs were covered with polyetig/ (wet burlap inserted after 24 hours).
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At 48 hours, they were demolded and stored in kaerated water up to 28 days. Five pull-

off tests have been carried out for each concratgposition.

The three mixtures were characterized for compressirength at 28 days. The results are

summarized in Table 3.

After 28 days of moist curing, the concrete slatiages were prepared by sandblasting for
pull-off testing. The surface roughness was thesuated with thesand-patchtest method
(EN 13036/EN 1766/ASTM E 965). Thexture depttvalues recorded for the three different

concrete mixtures were comparable, the overallagesbeing equal to 0.90 mm [0.035 in.].

As in the numerical analysis, the tensile pull-td#6ts were conducted on test specimens
prepared with different core depths and inclinaio@ore depths of 15 mm [1.18 in.] and 30
mm [2.36 in.] and coring axis inclination angles0df 2° and 4 were again investigated. The
different core inclinations were achieved using $pecial device shown in Fig. 6 a), which
allows controlling the inclination of the core dr@xis (Fig. 6 b)) with a precision of 0.1°.
Taking into account the maximum aggregate sizdefconcrete mixtures (20 mm), 80-mm
diameter cores were drilled for pull-off testindd(Bim diameter and 30 mm [2.36 in.] thick
steel dollies). Steel dollies were carefully inlgdlusing epoxy resin (Fig. 6 c)) and the pull-
off test device was then positioned on the conselstrate (Fig. 6 dff. Prior to testing, the
adhesive was allowed to cure for 24 hours. Oncddsiing rig was installed and connected
to the dolly, the pulling load was increased abastant rate of 0.05 MPal/s [7.25 psi/s] until

failure.

10
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In order to better appraise the results in view poifl-off test variability, series of
complementary direct tensile strength test weréopmed on cores extracted from the test

slabs.

After each pull-off test, the fracture surfaces evearefully examined. Exposed aggregate
area has been selected as criteria for analysisyimg to evidence a possible correlation
between low experimental pull-off strength valued #e lack of adhesion between the paste

and aggregates

THEORETICAL ANALYSIS
Source of misalignment
First, a sensitivity analysis was performed in orte establish whether the two possible
sources of misalignment, i.e. coring misalignmemd aulling misalignment, exert the same
influence on pull-off test results. Numerical si@ibns were carried out assuming only core
inclination load inclination angles of° 4and a core depth of 30 mm [2.36 in.]. Results are

summarized in Table 4.

For a given shift angle, both types of misalignmgetd very similar results and it can be
concluded that their influence upon pull-off tessults is comparable. A slight difference is
found when comparing transverse stressgp but it is sufficiently small to assume that it

does not affect the pull-off strength data withigintrinsic range of variability.

Influence of core depth and misalignment angle

Initially axi-symmetrical with respect to the vedl axis under a perfectly vertical load, the

11
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stress field induced by the pulling effort in thered area becomes increasingly asymmetrical
as the load inclination shifts from 0° t8,2nd then to 4 (Fig. 7). Under a load perfectly
aligned with the coring axis (0°), in addition teetabsence of stress asymmetry, transverse
stressesd) at the bottom of the core cut are very small.SEhstresses also increase when
the angle of inclination increases, especiallyhat bottom of the core. The largest stress
imbalance, either for axiab§) or transversecg) load, occurs within the load plane between
points located at the tip of each slit and ideatifas A and B (Figs. 4 and 5), where the

maximum and minimum stresses are found respectively

Severity of the stress imbalance obviously depemtdshe misalignment magnitude. Based
upon the data summarized in Table 3, a 4° misalegrintheoretically induces a significant
axial stressd,) differential at the bottom of the core. Stresstrthutions were calculated for
different core depths and angles of inclination. tAe value of the angle of inclination
increases, the maximum axial stress increases pogressively increasing rate (Fig. 8).
Besides, it can be observed that the influencehefdepth of coring is minor up to an
inclination angle of approximately 10°, beyond whitie axial stress imbalance appears to

increase with the depth of coring. This is in ademce with Cleland’s findings.

At point A, a misalignment angle of 2Znduces maximum axiat{) stress increases of 6 and
9%, for core depths of 15 and 30 mm [1.18 and th3&espectively, while a misalignment

angle of 4° causes the axial stresses to increadd land 19% for core depths of 15 and 30
mm [1.18 and 2.36 in.] respectively. As a simplstforder assumption, it can be inferred
that corresponding the pull-off strength valuesradgced by 7 and 13% for a coring depth

of 15 mm [1.18 in.] and by 8 and 16% for a corirgpth of 30 mm [2.36 in.].

12
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It should be noted that the actual numerical resalte dependent on the modelling
assumptions and assumed material properties. Btanice, the use of different E modulus

values would have yielded different results.

EXPERIMENTAL RESULTS AND DISCUSSION
The effect of misalignment was evaluated experiagnthrough pull-off experiments. The
test results yielded under different conditions smenmarized in Table 5, along with the
results of direct tensile strength tests perforfloeccomparison purposes on 50-mm (1.97-in.)
cores extracted from the test slabs. The diredileestrength results recorded for the three
mixtures are relatively close to each other andhtremy to the compressive strength data
(Table 3), do not exhibit a systematic increasdwhe w/cm reduction. It is not uncommon,
given the non-linear relationship between tensild eompressive properties of concrete and

the inherently more variable character of tengilergth determination.

In Table 5, it can be observed that for given testditions, the average recorded pull-off
strength values for the three investigated concneitdures are also very close. Besides,
based on the comparison with direct tensile dat®fonisalignment and the shallowest core
depth, the results yielded in the pull-off expenmprovide a reliable appraisal of the actual

substrate tensile strength.

In general, with regards to the influence of tegaiignment, the pull-off test results exhibit
trends that do not stand out as clearly as in timaenical analysis, owing for one to the

respective tensile testing and material variab#itiwhich are not taken into account in

13
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deterministic calculations such as those performetthis study. In fact, the coefficients of
variation of the recorded pull-off results, whicte aummarized in Table 7, are of the same
order of magnitude as the calculated strength temludue to testing misalignment (7 and
13% for 2° and 4° misalignments, and 15-mm corem@16% for 2° and 4° misalignments,
and 30-mm cores). It thus appears normal to hagedefinite trends. Besides, as found again
in the simulations, a decrease in recorded pulst#ngth values is systematically observed
when increasing the core depth from 15 mm [1.1Btc@30 mm [2.36 in.]. For the 30-mm

coring depth series latter, the effect seems tostvaelow the influence of misalignment.

In Fig. 9, the experimental pull-off results of #Hifee tested mixture were averaged for each
coring depth / misalignment combination and comgaoethe theoretical values, which were
determined based upon the simulation results.ntbeaseen that the experimental results are
quite close to the predicted values for the 15-nempdcoring series, while in the case of the
30-mm deep series, the recorded values seem ttléaffected by misalignment and exceed
slightly the calculations. Overall, it appears ttieg pull-off simulations provide a satisfactory
level of accuracy for practical purposes, allowagealistic prediction on the conservative

side.

As for the type of failure encountered in the tesigram, more than 89% of the failures
occurred at the bottom of the core, with only a falures (6%) recorded in the body of the
core. Detailed examinations of the fracture sudaaevealed interesting behavior:
irrespective of the concrete mixture, the proportid aggregate failures across the fracture
surfaces in the test series performed with a cadeygth of 15 mm [1.18 in.] was found to be

systematically higher than in the 30-mm [2.36-itofing depth series. This observation is

14
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consistent with the higher pull-off tensile strdngécorded in the former.

Conversely, the proportion of aggregate failuresrdit appear to be significantly affected by

test misalignment.

CONCLUSIONS

On the basis of the results of the numerical amalgsd experimental results, the following

conclusions can be drawn:

up to a certain misalignment limit angle assumeded¢odetectable by the average
human eye (4° in the present study), load and garirsalignments were not found to
yield significantly different stress fields andy fpractical calculation purposes, they
can be addressed in a similar fashion;

results of simulations revealed that a distortedsst field is induced by pulling-off
testing misalignment, resulting in stress concéiotna in an area at the bottom of the
core slit: a 2° misalignment yield maximum stresseases of 6 and 9 % respectively
for 15-mm and 30-mm coring depths, and the cormedipg increases resulting from
a 4° misalignment reach 14 and 19%;

the experimental pull-off test program results areerall consistent with the
theoretical calculations, although the observeddseare not as clear, owing to the
experimental variability and to the added influen€éhe coring depth;

the simulation results provide a conservative ladlistic lower bound limit for
evaluation the influence of misalignment upon pifltest results: a 2° misalignment
can be expected to yield a pull-off strength remuncof 7 to 9 % respectively for 15-

mm [1.18-in.] and 30-mm [2.36-in.] coring deptlasid the corresponding decrease

15
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resulting from a 4° misalignment reach betweenri8¥5%;
» as for the failure mode, it can be concluded thi#ttinv 4°,testing misalignment does

not significantly change the failure mode charasties.

From a practical standpoint, the results generatéuis study indicate that when specifying a
pull-off strength limit in the field, the value shid be increased (probable order of

magnitude: 15%) to take into account the potengéidliction due to testing misalignment.
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d) 2° misalignment / 30 mm core
e) 4° misalignment / 15 mm core
f) 4° misalignment / 30 mm core

Fig. 7—Axial stress §y) distribution for misalignment angles of 0°, 2° ad 4° and coring
depths of 15 and 30 mm.

Fig. 8—Theoretical axial stressdy) amplification as a function of the misalignment agle
of inclination and coring depth in a pull-off expeiment.

Fig. 9—Comparison of predicted and experimental pudoff test results.
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Table 1-Numerical and experimental test program vaables

Numerical Laboratory
Test parameter simulations tests
Monolithical slab| Monolithical slab Repaired slab
Coring axis inclination angle 0°, 2°, 4° 0°, 2°, 4° 0°, 2°, 4°
Pulling force inclination angle 0°, 2°, 4° 0° 0°
Core depth 15 mm, 30 mm 15 mm, 30 mm 100 mm
Note: 1 mm = 0.03937 in.
Table 2—Concrete mixture compositions (Part I)
: - Mixture
Constituent / characteristic C30/37 C40/50 C50/60
CEM 1 52,5N [kg/m] 275 325 375
Water [kg/m] 192 186 182
Crushed sand (0-2 mm) [kafh 765 729 676
Crushed limestone (2-8 mm) [kg/h 255 230 206
Crushed limestone (8-14 mm) [kafim 569 576 601
Crushed limestone (14-20 mm) [kglm 390 401 412
W/C 0.70 0.57 0.49

Note: 1 kg/m = 1.685 Ib/yd; 1 mm = 0.03937 in.

Table 3—Compressive strength determination at 28 ¢& (Part 1)

Concrete mixture {If/lzlgtsjal] Standa[ﬁ g:]viatiorhs
C30/37 50.1 (39.6) 1.47
C40/50 60.9 (48.1) 1
C50/60 65.4 (51.7) 1.90

1 Tests performed on 150x150x150 mm cubes per ENQ:33each data corresponds to the average of Feasts;
equivalent 150x300-mm cylinder strength in paresiise

Note: 1 MPa = 145.0 psi.

22



~N O

10
11
12
13
14
15
16
17
18
19
20
21

Table 4—Calculated pull-off test stress differentits induced by a 4° misalignment (7.85

kN [1,77 Ib])
Testing conditions point A Point 8
el o, [MPa] oy [MPa] ox [MPa] oy [MPa]
30 mmcoring depth | 32 o0 >

Note: 1 MPa = 145.0 psi; 1 mm = 0.03937 in.

Table 5-Axial stress §,) amplification calculated as a function of the mialignment
angle of inclination and coring depth in a pull-offexperiment.

Misalignment angle (°)

Maximum axial stresss() amplification [%]

Core depth [mm]

15 30
2 7 9
4 15 19
10 41 39
15 57 84
20 89 117

Note: 1 mm = 0.03937 in.
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1 Table 6-Direct tensile test and pull-off test resis

Pull-off strength [MPa]

(';‘;’3& core depth
Concrete . 15mm | 30mm
mixture tensile Misalignment angle
strengtfi| Test nr
[MPa] OO 20 40 OO 20 40
1 3.8 3.5 3.2 3.6 3.0 3.6
2 3.4 3.3 3.2 3.0 2.9 2.4
3 4.1 3.8 3.8 3.2 3.0 2.8
C30/37 3.6 4 3.8 3.2 3.6 3.6 3.0 3.4
5 3.6 3.7 3.8 2.7 2.6 2.5
6 A.F. 3.2 3.5 2.6 3.0 A.F.
Avg. 3.8 3.4 3.5 3.1 3.0 2.8
1 3.7 3.3 3.4 2.9 2.9 3.4
2 4.1 3.9 3.8 3.3 3.1 3.6
3 4.0 3.2 3.7 3.7 2.9 2.9
C40/50 3.9 4 A.F. A.F. A.F. 3.0 2.5 A.F.
5 3.6 3.4 2.8 A.F. 3.6 3.3
6 3.9 3.8 3.3 2.6 3.2 3.2
Avg. 3.9 3.4 3.4 3.0 3.0 3.3
1 4.0 3.8 3.0 3.5 2.8 2.4
2 3.7 3.3 3.6 3.6 3.0 2.3
3 3.9 4.2 3.7 3.7 3.3 3.1
C50/60 3.5 4 3.3 3.4 3.3 3.2 A.F 3.4
5 4.1 4.0 3.5 3.1 2.9 3.3
6 4.4 4.0 3.3 2.8 3.5 3.1
Avg. 3.9 3.9 3.4 3.3 3.0 3.1
2 I Test performed on 50-mm (2-in.) diameter coreithddrs; each data corresponds to the averageest betsults.
3 Note: 1 MPa = 145.0 psi; 1 mm = 0.03937 in.
6 Table 7-Variability of the pull-off strength data
Pull-off strength COV (coeff. of variation) [%]
Core depth [mm]
Concrete mixture 15 | 30
Misalignment angle
0° 2° 4° 0° 2° 4°
C30/37 8 9 9 13 7 17
C40/50 5 9 12 13 13 9
C50/60 10 10 9 9 10 17
7  Note: 1 mm=0.03937 in.
8
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Fig. 2—Influence of the load inclination (from Clehnd et al™).
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Fig. 3—Example of boundary conditions used in theralysis (case: pulling load with an
angle of inclination 4°; core depth of 30 mm).
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c¢) Dolly installation

Fig. 6—Pull-off test preparation.

d) Positioni

29

n

of the pull-of test device



A WN

a1

x10” MPa
a) 0° misalignment / 15 mm core b) 0° misalignment / 30 mm core

c) 2° misalignment / 15 mm core d) 2° misalignment / 30 mm core

e) 4° misalignment / 15 mm core f) 4° misalignment / 30 mm core
Note: 1 MPa = 145.0 psi; 1 mm = 0.03937 in.

Fig. 7—Axial stress 6y) distribution for misalignment angles of 0°, 2° ad 4° and coring
depths of 15 and 30 mm.
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List of symbols

Avg. = average value

Sn = Standard Deviation

EN = European Norm

WI/C = Water to Cement ratio
FEM = Finite Element Analysis
MPa = MegaPascal (N/mm?)
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