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ABSTRACT

The purpose of this study wad 10 gvaluate the factors influencing pull—ol’f Lest on lulcx-mudiﬂcd concreie overlay
by finite element (FE) analysis and cxp::rimcumi verification, and to provide 2 guidciinc [or meastring the bond
strenpth in field for field engineers and project Managers- The purpose of FE analysis was 10 predict stresses at
lhe interface between substrate and overlay and between disk and overlay. Good agrecment has been
obtained between Lhe theoretical and experimental resuits to conbrm the following:

The stee! disc thickness did not affeet to Ihe stress co peentration factor (SCF) at the concrete interface, but
significantly inMluenced that of the steel disc. To prevent failure at the steel disc interface the nomalized steel disc
thickness (thick‘nessldiumeter) should be at least 0.3. The cffect af overiay thickness wis significant to the siress
distribution at the concrets interfuce. The normatized overlay thickness (b, /D) should be larger than 0.4, The S5CHs
at 2l diameters decreascd rapidly ss the substrate COTing depth (hc) increased from 0.03 to 0.2 of he/D. Thosc wilh
7Smm diameter (D75) and 100mm diameter (£100) became stabilized immediately after reaching 0.2 he/B.

The stress distributions at concraie interface were Not affected by the distance of the cote from the edge of Lhe
slab(l.), the distance betwesn Cores (1), and the typical elastic moduius ratio of latex-modified conerete (LMC) to
conveniional concreic (OPC).

The experimental resulis with the major influencing factors (steel disc thickness, core diameter and parti al cutting
depth) showed good agreement with the finile element analysis results. For iheoretical as well a3 for practical
purposes, 100mm (4in) core diametet is optimuim; cutting depth should be between 25mm (lin) and 40rom {1.7in).

KEYWORDS: pull-off test, LMC overiay, bond strength, FE analys is, experimental verification

INTRODUCTION

Latex-modified concrete {LMC)is 8 Portland cement concrele in which an adraixture of latex i used to replace a
portion of the mixing water. LMC offers the advantapes of higher bond and tengile sirength, reduced waier
permeability and improved durabitity (1). Since the inception of iatex-modificd Portiand cement for bridge deck
overiay in 1959, thousands of projects have been completed using sl‘.yre.ne:-butadiﬁnc latex in concrele for overlays in
the United States (2). The importance of achieving a good vond botween a repair material and its-concrete substrate
cannot be overemphasized, and many methods of measuring this have been proposed. One test method, developed
by Kuhlmarin (3), has been adopted bY American Society for Testing and Materials (ASTM} in ASTM C 1404-98.
This method can accurately measure the strengih of the bond of tatex-modified fnortar or concrete 10 substrate
conerele using steel pipe nipples, but ;s only suitable for the laboratory.

The pull-off lest method, which can e used in the field, can measure the bond strength, in-situ, between a
repair overlay and the substrate. The pull-off test involves applying 2 direct tensile load o 2 parlial-depth core
{entirely through the pverlay and into the substrate concrele), The test is wsed for a vafely 0f purposes, froun
monitoring strengih development and quality control of newly cast congcrele, to the condition assessment of older
concreics,

Althouph Lensile pull-off tests are becoming increasingly popular for both quality conirol and repairs, little
standardization has been made. ASTM has yet not adopted a test method for in-si pull-off testing. Thus, there is
definite need {or suandardization of the pull-off 1cst 45 well as analyzing e infuencing factors of the pult-off Lest.

This study was performed by finite element analysis and experimental verification of factors influcncing

the pull-off teston latex-modificd concrete. Guidelines arc provided for measuying the bond strength of latex
madified concrele overlay in-situ for field engincers and project manages.
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— FIMITE CLEMENT ANALYSIS

Modeling and Anaiysis

- Finite element analysis in this study was hascd on the idealized assumpiion of lineor clasiic in 2 1 dimension solid
£3D) model. Figure 1 shows the schematic of the puil-off testina 3D F& model, and Figure 4 describes a typical
finite element mesh at symmc[ric seetion with the nofations of input varinhics. The swess distributions wiihin the
madel were predicu:d by Lysas{d) finite element commercial program an 4n [BM-compatible pcrsonal computes,
after trial analysis in 213, The element used was nexahederal and trisnpuiar isoparamciric.

The standard moduius of elasticity for conventional concrele and latex-modified COnCrete were 10,106 MPa
(4,370 kpi) and 28,240 MPa (4,100 kpi), rcs;pcct'wely, which were based on the results of previcus study (5.6)- A

- Poisson ratio of 0,18 was used for both. An elastic modulus of 28,240 MPa and a Poissun mtio of 0.3 were assumncd

for the steel dise aecording to the manufacturcr's record.

“The applicd tensile loads Were assurned to be uaiformly distributed at the top surface of the disc over the
region where Lhe loading bolt was connected 1o the disc, The cOMPrEsSive resction forees were apphied by providing
one fourth of the applied load according i@ the equipment configuration. The applied load in this model was
arbitrarily chosen to the expected Faiiurc 1oad becausc of the linear elastic agsumption.

The following input yariables were chosen On the basis of 2 preliminasy fiterature review and feid
expericnees (1), normalized steet disc thickness relative 10 COME diameter (£/D), normalized overlay thickness
relative to core diameter (h/D} normalized cutting depth relative io core diarneter (he/D), pormalized distance from
edge of slab relative Lo cOr¢ dinmeter (/D) normalized distance hetween cores relative 1o core diameter (/D). and
the clastic modulus ratio {(Bo/Ey). The core diameters wWers selected so that they would be at least three times larges

than maximum aggregate $ize. All input variables Were expressed in term of normalized ratio relative Lo COIE

diameter for simplicity. The input variables used in FEA are given in Table L.

Figure 3 shows an example of SUESS contonr in vertical direction, Gw of 2 composite slab only for better

illustration. Study was given 10 the stress distribution at steel disc interface and concrete interface. These were
y the maximura Sess at

chosen along the interface section and expressed as shown in Figure 4. Failure is governed b
each section. Thus, for each condition of input variables, SCF, maximum Siress divided by normal stress (applied

toad divided by normat area), was determined,

Analysis Resulis and Discussions

Effect of Steel Disc Thickness (T/02)
Finite clement analysis Wits performed 10 investigate the effect of stecl disc thickness an the tensile stress

distribation in vertical direction at the steel disc interface and concrete interface. The main input variable was
normatized stect disc thickness (T/D), ran ging from 0.05 to 0.45, for three core diameters (D = 75, 100 and 1 50t

& made on siress concentrations betwecs ateel disc interface and concrete intcrface, Figure

Comparisons Wefs
| concrete interface. The

5, confirming that steel dise thickness significantly infucnced steel disc interface, but no
SCF's of steel dise imerface at 0.1 T/D werc lorger than 10,0 at all core gimsneters. These SCE'S decreased as T/D
increasced, and became stabilized after 0.3 T/D. The SCF'g of conerele interface, however, remaincd atmost constant
regardiess of T/D. As a result, the steel disc thickness did not affcct Lhe slress concentration of conerele interface,
but significantly influenced that ot steel dise. Thus, for preventing the failure al steel dizc interface the normalized

sieel disc thickness (T7D) should be at least 0.3

Effect of Overlay Thickness th/D)

Since this analysis is based on the assumption
that overlay thickness has no significantly influence on the SWESS distribution at stecl dis

{hat overlay concrete is perfectly bonded to substrate concrete and
K inierface, only the stress
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coneentrationg ai concrete interface were examined. The input variable of the normalized overlay thickness (h,/D),
ranged {rom 0.1 te 0.9, for three core diamelers.

Tigure 6 shows the effect of overlay thickness on stiess concentration with h,/D. SCF's decreased as
overlay thickness increased and those became stabilized afier 0.4 h,/D, even though there were some varintions at
each diameter. The SCFs of T¥75 at lower h,/D indicated smatler values than the others becavse of its smaller
constraint at core center. Thus, to have a pull-off test of relatively uniform stress distribution, the normaidized overlay
thickness ratio relative to core diameter (h/D) should be larger than 0.4, In the case of a lixed overlay thickness in
the field, the diameter of the core should be selected according to this guideline.

Effect of Cutting Depth (h/D)

Tt is true that there is intercst and questions from field engincers and project managers on (te proper depth of 2
partial core. How deep should the core be for a given overlay system for a given pull-off lester? In this study, the
input variable of the normalized cutling depth velative to core diameter (he/D) varied from 0,05 to 0.8 [or three core
diameters.

The stress distributions were affected by culling depih, as illustrated in Figure 7. The SCP's at all dixnmeters
decreased rapidly as the culting depth increased from 0.05 e 0.2 of he/D. Those of D75 and 100 became stubilized
immediately after rcaching a minimum at 0.2 of he/D, whilc that of D150 increased significantly and then stabilized
after 0.6 he/D. Thus, for practical and theotetical reasons, 75 mm or 100 mm core dismelers are pre ferred. And they
should be cut at least deeper than 0.3 he/D (0.5 he/D for larger diamster).

Effect of Fdge Distance (1./0)
Another question by field engincers is how close to the slab edge can a core be cut. The input vasiable for

normalized edge distance (1/D) was chosen from 11e 3. The analysis resuil is shown in Figure 8. The stress
distributions at concroie interface were not affected by the edge distance as long as it was a! least one core diameler.

Effect of Core Distance {1./D)

The input variable of the normalized distance between cores {1/D) ranged from 1 to 5. The core distance did not
affect the stress distribution at conerete interface, Bigure 9, as long as it was at least one core diameter.

Effect of Elastic Modulus Ratio {E/Ep)

The input variable of elastic modulus ratio (EL/Eg) between overlay concrgle (L. MCYyand substrate concrete (OPC)
ranged from 0.2 to 2.0. The analysis is shown in Figure 10. The SCE was 1.2, the largest within this study for this
input variable, at 0.2 EJ/BEq and decreased as elastic moedolus ratio increased. This became stabilized after B /E, of
1.0. Considering that the typical elastic modulus ratio of LMC to OPC is 0.95 (8), it would not affect the stress
distribution at concrete nterface.

EXPERIMENTAL VERIFICATIONS

This experimental program was planned o verify the FE analysis resnlts with the major inNuencing factors such as
steel disc thickness, core diameter and partial cutting depth. The other factors weee excluded because of their
neplipible effects on Lhe stress distribution on concrele interface or steel disc interface, The experimental variable of
steel disc thickness included three fevels: 18mm (0.7in), 25mm (Lin) and 36mm (! 4in). The core dimmeter included
four levels: 50mm {2in), 7Smm (3in), 100mm (4in) and 150mm (&in). The core culting deplh included four levels:
O, (Qram, 20mm and 30 mm.

Concrete Mixtores

The concrete used For the base layer of the composile slabs had a water-cement ratio of 0.49 and a maximum
aggregate size of 25mm (1in), which produced high strength concrele of 39,200kPa (3,700psi}. The latex-modificd
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averluy concrete wilh rapid-setling cendent had a 0.78 water-cement ratio, 015 latex solidsicement, 58% linc
aggregale, 13mm maximum aggregaie size, and 390 kg/m’ (658 1b/yd’y of cement.

Theee cylinders, 100x200mim (4x8in), to deiermine compressive strength and three beams,
100X 100%450mm (4x4x 18in), to determine flexuml streagth, were also cast from each rmix. The measured
compressive strength and fexural strength at 28 days of basc concrete were 44,100 &Pa (6,400psi} and 6,860 kPa
(995psi), respectively. The corresponding values of the overlay concrete were 50,080kPu (7,268psi) and 8,283 KPa
(1,195 psi}, ruspectively.

Concrete Slahs

Six slabs of 1,100x1,100x200 mm (3.6(1x3.6[tx7.5in) with OPC were cast for the pull-off test; the height of the slabs
was determined considering real bridge deck slab. After casting, all slabg were cured in moisture for 7 days with wet
burlap, followed by air curing in the laboratory of 2C and 509 RH For an additional 21 days. All base slabs were
ground wilh a stecl brush grinder and rubbed wilh abrasive papers [0 remove concreic laitance and extrancous
material that could inhibit bond. Loose paticles and dust were thoroughly removed from all slab surfaces using high
— pressire air. All of the siabs were weticd and kept moist for 24hours before casting the overay, After the overlay
castiog the slabs were moist cured for 48 hours using wet burlap, followed by air curing unlil pull-off testing, The
overay of Jalex-modified concrete was SO0mm (2in) thiﬁ'!_g, similar to LMC overlays in the field (5, 8).

Pull-Off Test

Cores with 3 diameters were drilled from top surface to the designated four depths. To minimize damage from
coring, cores were cut by fixing the equipment with anchor bolts. Steel plates were glued to the top surface of the
core and a pure axial tensile load was applied at a constant rate.

xpevimental Resnlts and Discussions

The faitlure mode could be grouped into 4 types (steel disk interface, overlay material, concrele interface, and base
concrete material). This study, however, only used 3 types (stee! disk interface and near, concrete interface, and base
concrele material) because failure never occurred soiely in the latex-modified overlay {due to its high tensile
ke strength). Rather, overlay failure was always mixed with stecl disk interface faijure. Thus, the three failure modes
for this study were:
Failure Mode I- steel disc interface or mixed with overlay concrete near at disc
. Failure Mode XT: substrate concrete
Failure Mode I1I: conerete interface

Experimental Effect of Steel Disc Thickness

Figure {1 shows the experimental effects of stecl disc thickness on failurc mode and on failure strength. The failure
mode at the T/D range between 0.1 and 0.2 was mostly governed by mode Land slightly by mode I, which failed to
measure the adhesive strength at concrete interface. As the range of T/ ncreased between 0.2 and 0.3 the portion

—_ of failure mode I decreased while the portion of mode 1T increased, which was favorable. This was duc to the
decrease in stress concentration at sleel disc interface as the steel disc thickness increased, Figure 9(b}. This figure
indicates lower failure strength due Lo higher SCF at lower T/ and vice versa al higher T/D.

— These resulls have good agreement with the FEA results, which indicated the SCF's of sieet dise interface
with T/D of 0.1 were larger than 10,0 at all core diameters and decreased as T/D increased, foltowed by stabilizing
after 0.3 T/D. The SCF's of concrete interface were, however, almost constant regacdiess of T/D.

Experimenial Effect of Core Diameter

- Thezxperimental effects of core diameter on failure mode and failure strength at each core diameter (B =50, 75,

— 100 and 150mn1) are shown at Figore 12, The failures at D30 and D75 were totally governed by mode T, while the
failures at D100 and D150 were mostly poverncd by mode 111, These trends are well described inFigure 10(b),
which shows higher strength from base concrete and lower strength {rom concrete interface.

— TRB 2004 Aunuval Meeling CO-ROM Paper revised from original subniital.
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For eoretical purposcs in order 10 measuee the adhesive strength 2t concrell interiuce the core diameter
should be larger than 100mm (4in}. Tor praclicul puIpOSES: 1o reduce the damage from coring the gmallee €0re

drameter sy he heter. Thus, {O0mIT (4in) of core diarnele? could be the optinum size based on thest theoreticd
and c:&pcrimumul pesults.

Experimental Effect of Cutting Depth

Tigure 13 shows the t‘.xpcrim{:ntal cifects of cutfing depth for COTG diamelers of 100mm (3in} and 100mm {4in}. The
gverall failure glrenpihs were 1arger at 75mim than al 100mm. This iy duc 10 the gmaller norrnnlized cutting depth
(ha/D) of D 100 compased 10 corresponding pxperiment ap D75 (the cmaller culling depth ratio resulting in highet
SCF). The fatlure strongths became constant as e aacrmatized culting depth ceached 023 and became almost
equivalent over 0.3 hofD. The standard deviation decrcascd ns the befD increased and became 1O constant over a3 0f
he/D. The fatlure iensite strangth incrcased witie the standard deviation Jdecrcased as tbe normalized cutting depth
increased within thig experiment-

These experimcnta\ results well AEree with the FEM analysis resulis, which deseribed the gCF's of D75 and
D100 decreasing rapidly as the cutting depth increased fcom 0.05 10 0.2 hefD, and hecame stabilized immediately
after reaching @ Jninimurm of 0.2 hefD. -

1F we accept ihe result on €o%e dinmeter of 100 mm from {he previous section, he culting deptP should be
deepey than 25mm (1inh and not necessarily deeper than 40yarn (L.7in)-

The purpass of this study was w0 evaluate the factors influencing publ-off test OR latsx~modiﬁad concrote overiay by
finite element analysis and e,xperimcntal yenfication, and ¢ provide 2 puideling for Measuting the bond strenpth in
the field for field enginests and project Manapers. Good agreement has been obtained berween the theoresical and
expcrimcnta{ cosuits ta con irm the fFollowing:

|. Thesteel disc thickness (TID) did not affect the stress concentration at concrete interface, but significantly
influcnced At of siweel disc The SCFs of steel disc interface at 0.} of T/D weic larper than 10,0 at all core
diameters. Thess SCF's dccrcased as TID increased, and became Su bitized afier 0.3 TiD. Thus, to prevent
failure atsteel disc 1nterface the nonﬂalizcd sieel disc thickness (T/D) should be 2t jeast 0.3.

9. The effect of overiay {hickness was significant 10 the siress distripution at concrete intectacs. SUEsS -
conceniration faciors decreased 25 gverlay thickness increased and beoame sabilized after ho/D of 0.4. Thus, 10
nave a putl-of f test with relatively uniform stress distribution, e pormalized overlay thickness catio relative 10
core diameler (h/ID chould be 1afger than 0.4. 10 \he caseof & fixed overiay rhickness in 2 ficld, the diarneter of
the o1t ghould be selected according o this poideling.

5 The SCE'S atall cote dipmeters decreased rapidly as the cutting deplh increased frot 0051002 he/D, Those of
D5 and D 100 becamt stabilized immediately after reaching apnipiioum e of 0.2, white that of D150
increased signiﬁcantly and was stabilized only after 0.6 hefb- Thus, for the ficld, 75 mm ar 100 ram core
Jdinmeters 266 mcommcndad. They should be cut deeper than 0.3 hefD at jeast; 0.3 hef/D is prefcr:td for 1arger
diameler.

4. Thesuress disributions at conerels interface Were not alfected BY the edpe distance as long 25 it was at least one
core diametel- The cOC distance, also, did not affecl shress distribution nt concrets intecface, as long a8 it Was
one core diametet: Considenng that the typical elasiic modulus atio of .M C over OPC is0.95 (&), it did not
affect the sEess distribution 2 concrete interface.

5. The experimcmzﬂ results with the major influencing factors {steel disc thickness, core diameier and partial
culting depih) showed good agreement with the finite element analysis results.

For theoretical anct practic;ai purposes, (Q0mn (#in) cOte diameter would be the optimum $iz¢ cutting depi
chould be between ~ 5o {1in), and 40mm {1 Tin).
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TR Analysis
e e

Applied values

TABLE 1 Input Variables used fo

- Variables
0.05, 0.10, 0.15,0.20, 0.25, 0.30, 0.35, 0.40, (.45

T/D (disc {hickness/ disc diameter)

¢ diameter) 0.10, 0.20, 0.30, 0.40, 0.50, 0.60, 0.7

0,0.80,090

h/D (overlay thickness/ di
0.40, 0.45

h/D {cutting depth/ disc diameter) 0.05,0.10,0.13, 0.20,0.25,030, 0.35,

/D (edpe distancef disc diameter)

1D {core distance/ disc diameter) 1.0,_“_-2‘0, 3.0,4.0,50

12,14, 1.6 1.8,2.0

M. of LMC/ EM. of OPC) 0.2, 0.4,0.56, 0.8 10,

Ty/Bo (B
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