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ABSTRACT. The presence of grouting defects emanating from construction
operations constitutes a major threat to the structural integrity of the grouted
sleeve connection of precast concrete members. This work presents a
location-based assessment of the impact of grouting defects on the tensile
performance of the grouted sleeve connection. Twenty-two specimens with
different configurations of defects were subjected to a uniaxial tensile
experiment. Corresponding numerical models were proposed, validated and
used to conduct a sensitivity analysis of the connection to the defect's location
while considering different design confinements of grouting materials.
Experimental and numerical studies revealed the following outcome: In
consideration of confinement parameters, when the defect of size 3d is
located in the mid-span anchorage length, the variation of the sleeve-to-bar
diameter (ds/d) from 2.66 (lower design limit) to 3.55 (upper design limit)
changed the drop in the ultimate capacity from 19% to 44% below the
connection's design requirement. The governing parameters of the grout-bar
bond stiffness were the defect's location and degtee of confinement. This
work proposes a theoretical diagnosis model and a risk assessment catalogue
as a promising step toward establishing a computerized diagnosis model of
the defective connection to enlighten rational maintenance actions in actual
construction.
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INTRODUCTION

s the Precast Concrete (PC) technology continues to thrive in the construction industry, there is a need to ensure

the safe transfer of loads at the connections during the erection of the structure and in its lifetime service. While

there are various ways of connecting PC members, the use of grouted sleeve connection is more common in the
construction industry worldwide [1-4]. It is used in the horizontal and vertical connection of PC structural members, as
shown in
Fig. 1 (b,c) [2, 3]. The mechanical properties of this connection are achieved by injecting non-shrink grouting materials to
connect the two reinforcement bars within the sleeve dowel, which provides confinement effects of the grouting materials
to enhance the grout-bar bond and the tensile resistance of the configuration [5-8]. Recently, there has been increasing
research interest to determine the load-bearing capacity of the grouted sleeve connection, establish its mechanical properties,
and understand the grout-bar bond performance of the connection.

Reinforcement
bar Outlet vent
Grout . N . z‘i =
Separation (b) Wall panel with sleeve connection
bolts . :
=
Iron sleeve
Grouting — Inlet vent

defect

(a) specimen detailed sketch

(¢) Column erection with sleeve connection

Figure 1: Specimen detailed sketch.

Several experimental works subjected the grouted sleeve connection to uniaxial tensile tests to determine its tensile
performance, assess its efficiency to connect reinforcements and achieve at least a similar tensile performance of the
continuous reinforcement [9-15]. In common agreement, the findings highlighted the ability of the connection to splice
reinforcements to their ultimate tensile capacity and beyond, provided that the connection's components maintain an
adequate geometric and mechanical configuration. Key geometric and mechanical parameters influencing the tensile capacity
of the connection included the bond strength, the embedded length of the bar and the diameter of the sleeve [3, 16]. The
main failure modes encountered were the fracture of the bar and its pullout [12-15]. At the same time, other studies
investigated the seismic capacity of the grouted sleeve connection.

In the efforts to waive controversies on the seismic performance of the grouted sleeve connections, multiple studies were
conducted to evaluate the seismic strength, crack propagation and energy dissipation in prefabricated concrete members
when connected with the grouted sleeve connection [17-26]. The findings of these studies largely contributed to the
improvement of the design of the grouted sleeve connection. For instance, in addition to the novel configuration of a
seismic-resistant connection proposed by Tong [25, 26], other studies suggested the use of innovative materials such as
ultra-high and high-performance (UHPC) grouting materials to improve the connection's seismic Performance [27-29].
Regardless of the significant progress in the design optimization of the grouted sleeve connection, in some cases, the
eventual presence of uncontrollable defects within the sleeve remains a major threat to the structural integrity of the
connection.

Nowadays, particular research attention is devoted to studying the influence of defects on the performance of the grouted
sleeve connection [30-34]. Defects originate from onsite grouting operations through grout leakage in the manipulations of
hinges, uplifts of debris by the grouting materials, bubbles, and clogging [33, 35]. Experimental approaches and numerical
simulations have been used to investigate the influence of defects on the performance of the grouted sleeve connection [36,
37]. For instance, Xu, et al. [34] considered mixing soil and foam particles in the non-shrink grout injected in half grouted
sleeve connection. He realized that 30% occupation of strange particles in the grouting materials weakened the grout-bar
bond performance.

On the other hand, Zheng [35] investigated the tensile and cyclic performance of the connection with reduced embedded
length defects. He found that the reduction of the embedded length to 5d triggered a pullout failure of the connection, and
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its seismic capacity dropped below the design value. Other scholars investigated the influence of defects in the fire
performance of the connection [36, 38]. They also discovered that defects would weaken (30% drop in capacity) the post-
fire tensile performance of the connection. Nevertheless, the above studies seldom consider the variation of confinement
effects in the connection design, which is an influencing factor of the bond stiffness and are inclined to a size-based
assessment of the impact of the defects in the half-grouted sleeve, yet the fully grouted sleeve connection can host defects
on ecither or both sides of the reinforcements.

Another attractive research avenue on grouting defects concerns their efficient detection to enhance the structural
monitoring and maintenance of the connection. Significant research efforts have been invested in developing accurate
detection methods of defects within the connection using nondestructive testing (NDT) [39-44|. Feng et al. [45] proposed

a time-reversal ultrasonic waves signal analysis to detect the change in the grout compactness in the sleeve. His method
efficiently detected the location of the defects. Zhang et al. [46] used the wavelet packed analysis and dynamic excitation
technologies to detect grouting defects in structural members, while Tang et al. [47] developed a deep learning approach to
extract defects information from dynamic global data. The major breakthrough in the studies mentioned above is the
efficient detection of the defect's location.

In contrast, most published works assess the impact of defects based on their size and cannot, therefore, lead to an accurate
defect position-based risk assessment for a rational diagnosis of the defective connection. Moreover, Wang et al. [29] recently
demonstrated that the grout-bar bond behavior is highly sensitive to material variation and would likely be differently
impacted by defects locations. Therefore, the location-based impact assessment of grouting defects would significantly link
the performance assessment of the defective connection to the detected defect to promote an efficient diagnosis and risk
assessment of the defective grouted sleeve connection and guide appropriate maintenance action.

This work combines experimental research with numerical modelling to conduct a location-based impact assessment of
grouting defects on the tensile performance of the grouted sleeve connection. Three different design confinements of
grouting materials are considered to investigate their impact on the performance of the defective connection, and an analysis

of the influence of defects locations on the stress distribution among the connection's components was conducted. A
theoretical diagnosis model and a risk assessment catalogue are proposed as the first steps toward efficient monitoring and
rational risk assessment for systematic and cost-effective maintenance of the defective connection.

MATERIALS PREPARATION AND EXPERIMENT

Material Properties
his study conducted the uniaxial tensile loading test on 22 test specimens embodied with defects in seven different
locations. The tensile test of the sleeve revealed that its yield and maximum tensile strengths are 450 MPa and 550
MPa, and total elongation is = 7%, in agreement with the design requirements. The reinforcements bars used in this
experiment were deformed bars of diameter d=14mm in all the specimens. The tensile properties of the reinforcement were
established through a tensile test, as presented in Tab. 1.

Yield strength (MPa) Ultlm’zll'\tzpsgength Youﬂ%\i[ 11;/?[1;)dulus

475.3 623.6 206.5 11.2

Total Elongation (%)

Table 1: Properties of the reinforcement bar.

The grouting material was prepared with a water-grout ratio of 13%. The compressive strength test was carried out on
40mm X 40mm X 160mm grout prisms, liquidity and vertical expansion tests were as well conducted to confirm the grouting
materials' theological and mechanical properties, as shown in Fig. 2. The results of these tests are presented in Tab. 2.

. Yy Vertical .
Properties Liquidity emedton/h) Comptessive strength/MPa
Test time 30 mins (3h-24h) (1day) (3days) (28days)
Test value 289 0.07 38.8 63.6 97.2

Table 2: Time-dependent mechanical properties of grouting materials
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Test specimens and Assemblage

The reinforcement bars were inserted in the sleeve iron with a full anchorage length (1) of value 8d, (d, diameter of the bar).
Defects were predesigned by wrapping silicon rubber tapes around the reinforcement at different locations, as shown in
Fig. 3 (a), while the grout was injected through the inlet vent, and the outflow of grouting material through the inverted L.
outlet hinge indicates the grout compactness of the connection, as shown in Fig. 3 (b). The strain gauges of the sheet 120-
3AA and resistance value of 120  were uniformly installed on the outer surface of the sleeve in both edges and mid-span
and on the two reinforcement bars to control the deformation in the connection's components. The overall procedure of
the specimen's fabrication can be found in Fig. 3.

320+
310

300

290
g_zaof
§ 270

260

250+

T T T T T T T
o 10 20 30 40 50 60
Time (mins)

(b) Flow spread expansion

() The speimen the mould (d) Specimen under compression

Figure. 2: Tests of grouting materials.

. . Vertical .
Properties Liquidity esssmadon() Comptessive strength/Mpa
Test time 30 mins (3h-24h) (1day) (3days) (28days)
Test value 289 0.07 38.8 63.6 97.2

Table 2: Time-dependent mechanical properties of grouting materials.
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(a) Installation of defects (b) Grout injection process
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Figure 3: Overall Preparation of the test specimen.

Configuration of specimens

In addition to the non-defective control specimen, 7 different configurations of grouting defects were predesigned based
on the common locations of defects in the connection's actual construction process, as shown in Fig. 4. The length of the
sleeve was 240 mm, its diameter was 45mm, and the clearance gap between the two reinforcements was 15mm. The silicon
rubber defect in this experiment was of 2 mm thickness, wrapped around the reinforcement in 3 major lengths (sizes),

including 1d, 2d, and 3d for each configuration tested, respectively. Thus, 22 specimens in total wete subjected to uniaxial
tensile loading.

_ [ xd
8d 8d
Defect
15mm 15Smm7}
I xd
8d Defect et Defect
I = [ xd
(b) II d 1V
. Defect
8d I <id 8d Defect 8d . Defect
1 xd I xd
15mm 15Smm - 15mm{
xd
8d ,
8d I xi 8d Defect » Defect
N I xd
“Defect e
(@ V ® VI (g VI

Figure. 4: Configuration of defects in test specimens

The specimens were labelled in order of defect configurations as shown in Fig. 4, the bar's diameter, and the defect's size
i.e I-14-1d, as described in Tab. 3.

Loading scheme and test setup

Specimens were subjected to unidirectional static tensile loading based on the Technical Regulations for Mechanical
Connection of Steel Bars and Sleeve for Mechanical Connection of Steel Bars, as shown in Fig. 5. The constant loading rate
was 28kN/min using a universal testing machine with a maximum capacity of 300kN.
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Specimen label

F-14
[-14-1d
I-14-2d
1-14-3d
I-14-1d
1-14-2d
11-14-3d

1I-14-1d

IMI-14-2d

II1-14-3d

IV-14-1d

IV-14-2d

IV-14-3d

V-14-1d

V-14-2d
V-14-3d

VI-14-1d

VI-14-2d
VI-14-3d

VII-14-1d

VII-14-2d
VII-14-3d

Sleeve material

Steel
idem
Idem
Idem

Idem

Idem
Idem

Idem

Idem
Idem

Idem

Idem
Idem

Idem

Idem
Idem

Idem

Idem
Idem

Idem

Idem

Idem

Rebar diameter

(mm)

14
14
14
14

14

14
14

14

14
14

14

14
14

14

14
14

14

14
14

14

14
14

Defect length
(mm)

None
1d
2d
3d

1d

2d
3d

1d

2d
3d

1d

2d
3d

1d

2d
3d

1d

2d
3d

1d

2d
3d

Defect
detail

location

None
Bottom edge
Idem

Idem
Top of bottom

reinforcement

Idem

Idem
Mid - span of

lower side

Idem

Idem

Top & bottom
edge
Idem

Idem

Mid-span upper &
bottom
reinforcements

Idem

Idem

Bottom of upper
reinforcement &
top of lower
reinforcement

Idem

Idem

Bottom of upper
reinforcement and
lower
reinforcement

Idem

Idem

Type of defect

None

II

I
I

I

I
I

v

v
v

VI

VI
VI

VII

VII
VII

Table 3: Detailed presentation of all test specimens.
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.I .I = Applied force

Test speci

Fixed end

(a) Sketch of the specimen on the universal testing

i (b) The specimen on the universal testing machine
machine

5: Test Specimen subjected to tensile loading

TEST RESULTS AND DISCUSSION

shown in Fig. 7. During the loading process, the yield load and ultimate load as well as their corresponding stresses

were measured. Thus, the load-displacement curves are plotted to analyze the performance of each specimen under
the tensile loading. Parameters (data) recorded, as shown in Tab. 4, summatize each specimen's response to the uniaxial
tensile loading.

T wo main failure modes were observed during the tensile test of specimens: the fracture of the bar and its pullout, as

Label Yield force Yield Strength Ultimate Ultimate Total Failure mode
(kN) (MPa) load strength elongation
(kN) (MPa) rate %

F-a 66.26 430.65 95.01 617.51 16.82 Fracture
[-14-1d 67.92 441.44 98.25 638.57 15.86 Fracture
[-14-2d 68.28 378.79 98.23 638.44 16.69 Fracture
[-14-3d 65.51 425.78 97.71 635.06 30.75 Pullout
II-14-1d 66.62 367.99 96.78 616.01 16.42 Fracture
II -14-2d 65.32 424.54 98.36 639.28 18.73 Fracture
II -14-3d 66.25 430.59 97.11 631.16 31.72 Pullout
1I-14-1d 65.13 423.31 97.03 630.64 18.52 Fracture
1I-14-2d 67.86 441.05 96.97 630.25 26.62 Pullout
II1-14-3d 66.39 431.50 79.61 517.42 31.22 Pullout
IV-14-1d 67.48 438.58 98.65 641.17 14.21 Fracture
IV-14-2d 67.04 435.72 98.87 642.60 16.73 Fracture
IV-14-3d 66.88 434.68 95.58 621.21 28.32 Fracture
V-14-1d 66.40 431.56 97.44 633.30 13.23 Fracture
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V-14-2d

V-14-3d

VI-14-1d
VI-14-2d
VI-14-3d
VII-14-1d
VII-14-2d
VII-14-3d

65.77 427.47
68.67 446.31
66.59 432.80
60.21 391.33
63.12 410.24
65.82 427.79
66.42 366.70
65.29 359.35

95.67
84.30
98.78
98.87
96.03
98.64
96.65
96.23

621.80 24.65
567.40 29.68
642.01 14.33
642.60 21.65
637.40 27.83
628.10 16.59
628.10 22.41
625.44 26.09

Fracture
Pullout
Fracture
Fracture
Pullout
Fracture
Fracture

Pullout

Table 4: Summary of test results

Position-based impact of grouting defects
Based on the experimental results, defects impacted the tensile performance of the connection differently based on their
location and size. The impact of defects based on size has been widely investigated. Thus, in this work, the leading variable
in assessing the impact of defects is their location. The performance indices are limited to ultimate tensile load, failure mode,
and displacement. The load-displacement curves in Fig. 6 are plotted to supplement the data in Tab. 4 to enlighten the
following discussion using a case by case analysis on the impact of defects based on their location.

100

Force (KN)

80

60

40

204

100 -

80

Ultimate load

I-1d
I-2d
1-3d

g
o 60+ Failure
g Yield point
o
w

404 \

. r
Elastic stage
20 4
0 T T T T T T
0 10 20 30 40 50 60

Displacement (mm)

(a) 1 specimen L-D cutrve

=—Il-1d
f=I1-2d
—I1-3d

N

Force (KN)

(= llI-1d
= llI-2d
=== 111-3d

T T T T T
20 30 40 50 60
Displacement (mm)

(b) II specimen L-D curve

T T T T T T
10 20 30 40 50 60
Displacement (mm)

(c) III specimen L-D cutve
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Figure 6: load-displacement curves from experimental research.

In general, as the size of the defect increased, the ultimate capacity of the connection "slightly" decreased while comparing
specimens of the same configuration. Regardless of the configuration, the defect of size 1d (14mm) did not significantly
impact the connection's performance indices, including the failure modes and load-bearing capacity. Thus an effective
anchorage length of 7d met the ultimate design requirements in all the above cases.

The defect of length (2d) 28 mm engendered a pullout failure in only configuration III, while other specimens failed by
fracture. This phenomenon indicates that the connection is sensitive to the location of the defect in mid-span anchorage
length. Even though the effective anchorage length is 6d, the bond strength is compromised when it is split into two by a
28mm defect, and the connection fails by pullout. The corresponding drop in the ultimate capacity of the connection is
about 2-5% when the defect's size is 28mm (2d).

The size (3d) 42 mm defect triggered a significant drop of 20% in the ultimate tensile capacity in configuration III and
pullout failures in all other configurations except in configuration IV. It is observed that when the same defect is uniformly
replicated on both reinforcements, as in configuration IV, V and VI, the connection has a better performance compared to
the configurations with the defect on either the upper or lower reinforcement. This phenomenon is due to the additional
stability engendered by the equilibrium of resisting components as the grout-bar bond strength remains almost equal

between the two sides. Nevertheless, due to the location of the defect, The equation of the bond strength, in this case, is
given as:

p
= ©)
wd,/,

U
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Pis the force in the bar, zd, is the nominal perimeter of the bar and /, is the effective uninterupted anchorage length of
the bar. The extent to which defects compromise the bond strength determines the failure mode, as shown in Fig. 7.

———

Grout splitting

(b) Pullout failure

(a) Fracture of the bar failure

Figure 7: Failure modes during the experiment

In summary, the defect's location can engender a change in the failure mode of the connection and a drop between 0% -
20% in the tensile capacity of the connection, as detailed in Tab. 5.

Configuration / Impact on the tensile capacity Impact on the failure mode
Defect’s location Defect size: 2d Defect size: 3d Defect size: 2d Defect size: 3d
1 0% - 5% 0% - 5% Fracture Pullout
11 0% - 5% 0% - 5% Fracture Pullout
111 0% - 5% _ Pullout Pullout
I\Y 0% - 5% 0% - 5% Fracture Fracture
v 0%-5% [  Frcure Pullout
VI 0% - 5% 0% - 5% Fracture Pullout
VII 0% - 5% 0% - 5% Fracture Pullout

Table 5: Summary of defect's impact based on location.

Based on the above findings, the impact of the defect based on their location can be classified into three major zones of
impact, as described in Fig. 8.

il —minie e —msini i
I [ [
(a) Minor impact (b) Mild impact (¢) High impact

Figure 8: Impact of the defect based on its location in the grouted sleeve connection
PROPOSED FINITE ELEMENT MODEL AND VALIDATION

he model proposed in this work was established and simulated in Abaqus computer-aided engineering (CAE)
commercial software in similar experimental boundary and loading conditions.
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Materials model
The sleeve was modelled as a hollow cylinder of thickness 6 mm using a bilinear model without considering the materials'
hardening strain. The material's properties are shown in Tab. 6.

Mass Density Young's Modulus Poisson's rafi Ultimate strength
(kg/m?) (MPa) oo o (MPa)
7300 203000 0.3 550

Table 6: Material Properties of the Sleeve.

The reinforcement was modelled using a constitutive model, as shown in Fig. 9 (a), following the conversion of engineering
strains from the experiment to true strains using the equations below:

g =1,(1+¢,) @)
,=0,,6" ©)

The corresponding properties are shown in Tab. 7.

. Ultimate strength . N Young's Modulus . , .
Yield strength (MPa) (MPa) Ultimate strain (%) (MPa) Poisson's ratio
7300 203000 0.3 550 0.3

Table 7: Reinforcement bar parameters.

The modelling of grouting materials opted for the Concrete Damaged Plasticity (CDP) model with tensile stiffening in the
post-failure modelling of the grouting materials, as shown in Fig. 9, and modified for concrete under confinement based on
Lublinet's model [48].

The derivation of the CDP parameters involves a tedious mathematical process with assumptions in the plastic behaviour
of concrete. The CDP parameters in this work are based on empirical, experimental studies and are shown in Tab. 8.

The study conducted by Malm [49] on a reinforced concrete beam confirmed that the changes in the dilatation angle between
200 and 40° do not have a significant impact. Further experimental studies conducted on the same aspect best agreed on the
values of the dilatation angle between 300 and 40° [50, 51]. Szczecina, however, in his computation of selected CDP
parameters, confirmed that a dilatation angle approximating 40° is more appropriate to simulate concrete under tensile
loading [52]. In this work, the best prediction of the concrete performance was achieved at the dilatation 38°.

The flow potential eccentricity is a small positive number that defines the rate at which the hyperbolic flow potential
approaches its asymptote [53]. Its approximative value is 0.1 [54].

The ratio of the biaxial compressive yield to the uniaxial compressive yield ( ,, / f,, ) was assumed to be 1.16 based on

Ma's recommendation [55].

The ratio K of the second stress invatiant on the tensile meridian was kept at 2/3 based on Ren's detivation [56].

The viscosity parameter is a very low value selected in light of the time increment in Abaqus. This value is significant in
static computational analysis and is associated with the convergence of the solution of models with nonlinear materials.
Even though the computation in this research followed a quasi-static analysis in the explicit solver whete the viscosity
parameter has neatly no effect, its value was set at 0.0001 based on Raza's recommendation to keep the value < 0.001 [38].

Mass Elastic

density  modulus PO;S;OH s Dﬂz;taf; on Eccentricity o K Vlrscn(izlttgr
(kg/m?) MPa atio ang para
2500 38000 0.2 38 0.1 1.16 0.6667 0.0001

Table 8: Concrete damage Plasticity parameters
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Figure 9: Behavior of modelled materials

Interaction and model computation

The modelling of the grout-bar bond was achieved by a cohesive interfacial model based on the traction separation law and
damage initiation criterion. Penalty friction (slipping) was applied to model the second contact the interface after the damage
(vielding) of the bond. The mechanical interlocks engendered by ribbed bars in the actual grout-bar bond are accounted for
by the interpenetration nodes in a cohesive interaction of the bonding interface in Abaqus. Defects are set as zones of no
contact between the reinforcement bar and the grouting materials. The bond-slip behaviour is summarized in Fig. 10.

7 (shear stress) slipping
Himax) (1.8 |- fere [
? } sticking ‘f
~
| {
g ! - ¥ (Slip)
B } /
Hfric) !
5 5, 5 85,(82,69) atal,6h
(i) traction separation behaviour (i) Friction behaviour
(a) Local bond-slip model (b) Modelling of the bond-slip

Figure 10: Bond slip behaviour

The damage initiation criterion corresponds to the yielding value of the grout-bar design bond, usually between 15 MPa to
25 MPa. The traction separation law considered traction stress vectors (t), the stiffness coefficient (K), and the
corresponding separation stress (8). The traction stress vector in the normal direction and the two directions of shear is

defined by the expression below :

t K, K, K,|[5
t=1t p=| K K, K, |15 ;=Kb 3)
t K, K, K, ||5

t

The grout-sleeve interaction is considered in perfect bonding as the interface experiences minimal stress and is in most cases
stable under the connection's tensile experiment. The computation of the numerical models was achieved through a quasi-
static analysis with boundary conditions and loading schemes reflecting the tensile experiment on the specimens in this
work. The displacement load was applied on the upper reinforcement while the lower reinforcement was fixed similarly to
the experiment. The meshing of the finite element models adopted the solid linear 3D (C3D8R) element. The mesh size
was 2 mm for the grouting materials and the sleeve and 3mm for the reinforcement, and the surfaces of the circular elements
included a curvature control, as shown in Fig. 11.
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Iron sleeve
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(a) The meshing of the model and loading sketch (b) Enlarged view of the meshed parts

Figure 11: Mesh of the specimen

Models 1V alidation
The validation of the proposed models was achieved by comparing finite element analysis (FEA) load-displacement plots
with the experimental plots to assess the reliability of the model's replication in related studies. Failure modes are as well

compared to assess the accuracy of the proposed models to simulate the bond behaviour and predict the failure mode of
the connection.

Load displacement curves comparison

The validation of the numerical models was conducted by comparing load-displacement curves of simulated specimens with

the plots of their corresponding experimental specimens. The configurations II, II and IV were selected for validation when
the defect's size is 2d and 3d to test the model's sensitivity to the defects' location, as shown in Fig. 12.
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Figure 12: Validation of load-displacement curves

The comparative analysis of the numerical models (FEA) and experimental load-displacement curves indicates that the finite
element modelling results are consistent with the experimental findings. The trend of the plots adheres to a similar pattern
with close values of the major points, such as the yield and ultimate values. In Fig. 12, the plots reveal that the proposed
numerical models accurately predicted the connection's tensile performance, and the interfacial bond-slip model was
sensitive to the size and location of the defect.

Failure modes prediction

The proposed models' output predicted the corresponding failure modes of specimens. The numetical model's output
database indicates the material's deformation as a result of loading stresses and excessive displacement, which enables the
prediction of the failure mode, as shown in Fig. 13.
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Figure 13: Failure mode prediction
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Thus, the experiment has validated the proposed numerical models to conduct accurate simulations of the tensile experiment
of the grouted sleeve connections (defective or not). In addition, the influence of defects on the stress distribution within
the connection can be analyzed through the computational mechanics of the connection, as shown in Fig. 14.
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Figure 14: Stress computation of the connection

Tensile stresses are symmetrically and equally distributed between the loading side and the fixed end side of the connection
in declining order from the mid-span (clamping zone) of the connection to the edges. Ie. The maximum stress is at the mid-
span and decreases toward the edge in the sleeve hall. Whereas in the grouting materials, the clamping zone, which is a "no
bonding zone", experienced minor stresses, and the symmetric pattern was observed in grouting materials bonded with the
reinforcement while they operate as a medium to transfer resultant stresses from the grout-bar bond to the sleeve. Similatly,
the stresses are equally distributed in the reinforcement up to the yielding stage, but in the hardening stage, stresses
accumulate in the loading side reinforcement until its fracture. Therefore, a fully grouted sleeve without defects derived its
adequate tensile performance from this symmetric and equal distribution of stresses between the loading and fixed end
sides.

On the other hand, in Fig. 14 (b), the presence of a defect splits the bonding interface and compromises the influence line
and capacity of the bond strength, which enables a transfer of stresses through grouting materials to the sleeve. As a result,
stress accumulates in the grouting materials and is transferred heterogeneously rather than symmetrically and equally to the
sleeve hall. The accumulation of stress in the grouting materials on the defective side of the connection prompted the pullout
failure.

SENSITIVITY ANALYSIS OF THE CONNECTION

Specimens Confignrations
he connection's sensitivity analysis is conducted based on the validated numerical models. This analysis aims at
identifying the changes in the performance indices of the connection as the defect changes its position. Only the
defects of sizes 2d and 3d are considered in this section. The impact of the defect is analyzed at four (4) different
locations in the zone of high impact (configuration III), i.e. at a distance (1d), (2d), (3d), and (4d) from the edge of the
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connection. For conformity with the experiments in this paper, the defects are predesigned on the lower reinforcement, as
shown in Fig. 15.

Furthermore, this analysis considers the confinement effect by the ratio of the diameter of the sleeve to that of the bar d,/d
to assess its influence on the performance indices of the defective specimens. The required design value of the ratio d,/d
for good confinement ranges between (2.66-3.55) [57]. The experiment herein assessed the influence of the confinement
effect by considering the ratio's value at 2.66, 3.2 and 3.55. The corresponding specimen labels are S for the lower limit of
the interval (2.66), N for the medium value (3.2) corresponding to the diameters' ratio in the above experiment, and L for
the upper limit of the interval (3.66). Therefore specimens atre labelled in the order III-L.-3d-(1d) where III is the
configuration, L is the ratio, 3d is the defect's size and (1d) is the defect's location from the edge.

) (1d) ) QD m) (3d) ) @d)

B B | 8d 8d
~ ' _ . 11 . Defect
15mm | 15mum § 15mm 15mm § .
¥ [ '  Defect ' ’
_ Defect « Defect I xd
8d . 8d T Bl xid 8d ¥
d L xd " 4d
| r P r .2 1 r 3 1 r!

Figure 15: Defects configuration for sensitivity analysis

=

Location-based impact of grouting defects

In order to provide accurate and relevant technical information to the construction industry, the performance indices of the
connection were analyzed based on the geometrical configurations of the commercial sleeve, the confinement effect, and
the defects' location at each 1d distance along the anchorage length of the bar, as shown in Fig. 16. As discussed below, the
detection of the defect's location should be rationally linked to its adequate risk assessment on the connection's performance.
The connection's performance changed drastically as the defect changed the location along the anchorage length, especially
when the defect's size was 3d (42mm). Obviously, specimens with defects of size 3d (42mm) had lower beating capacity
than those with defect's size 2d (28mm). The plots indicate that the connection's ultimate capacity decreased gradually as
the defect's location shifted away from the edge of the connection up to the distance (3d). Thus the highest drop in the
connection's bearing capacity is experienced when the defect's location is at a distance (3d) away from the edge. Beyond this
location, at a distance (4d), the connection's ultimate capacity improves as the defect approaches the mid-span, where the
defect has a mild impact, as shown in Fig. 17.

On the other hand, the different degrees of confinement influences the connection's tensile performance. The trend
obsetrved in the petformance of the connection is that defective specimens with the lowest value of the d,/d ratio have a
better performance due to the "small" thickness of grouting materials which enables efficient transfer of resultant stresses
to the iron sleeve. As the thickness of the grouting material enlarges, the performance of the connection declines. This
phenomenon results from weakened confinement pressure that compromises the grout-bar bond performance. Recently,
Hosseini et al. [58] had similar findings and observed a 14% improvement of the bond strength as a result of spiral
confinement during the pullout test on precast concrete beams connected with grouted sleeve connection. Nonetheless, the
numerical specimens showed a similar pattern in their susceptibility to the location of the defects even when the degree of
confinement changed, yet, the latter influenced the bearing capacity of defective specimens, as shown in Fig. 17.

The findings plotted in Fig. 17 demonstrate that the impact of the defect on the connection's load-bearing capacity changed
at each (1d) distance from the edge. In addition, the difference in confinement substantially influenced the connection's
performance within the presctibed design interval of the d./d ratio, i.e. when the design value of the ratio changed from the
lowest value, I111-S-3d-(3d) to the upper limit, III-B-3d-(3d), the difference in the beating capacity was 17kN, as noticed in
Fig. 17. Furthermore, under the combined impact of the defect's location and confinement effect, the ultimate bearing
capacity of the connection was 50kN in the specimen III-I.-3d-(3d) below the design load (68kN - 71kN). Out of 12
specimens inbuilt with defects of size 3d, 4 specimens had their load-bearing capacity approximate to the design value
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(vielding stage) and below, indicating a setious threat to the connection's structural integrity. Such values ate encircled in red
in Fig. 17.
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Figure 16: Sensitivity analysis through load-displacement curves

Therefore, a size-based characterization and analysis of grouting defects in the connection are insufficient to enlighten an
accurate diagnosis and risk assessment of their impact on the connection's petrformance. Claims that the bond design value
of the connection could be compromised when the defect's size is greater than 3d are valid in one case where the defect is
concentrated and located on the edge of the connection. The inclusion of parameters such as the confinement effects and
location of defects in the present study has led to contradicting results.
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While isolating the reinforcement and the sleeve and making a section (cut) through the 3D simulated specimens, the
computational mechanics of stresses on the grout-bar bond interface enables a theoretical diagnosis of the impact of the
defects; an example is shown in Fig. 18.
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Figure 17: Load bearing capacity of the connection with different configurations
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Figure 18: Computation of stresses on the grout-bar interface

Under the impact of the same defect's location and size, the distribution of the resultant stresses on the bonding interface
of grouting materials varied based on d./d ratio. The deformation of grouting materials during the pullout failure can as well
be noticed. As the d,/d ratio increased, the stresses in the grouting material increased (at the bonding interface). The defect
creates clusters of This phenomenon further explains the higher bearing capacity of the specimens with the lower value of
the ratio. Therefore, except for major constraints in actual construction, a small thickness of grouting materials while
maintaining adequate clearance is a rational choice for an improved mechanical response of the connection and cost-
effectiveness (sparing grouting materials).

Deriving a series of equations relating grouting defects to their impact on the connection would be a tedious process and
requires a wide range of assumptions since the impact of defects on the connection's performance is non-homogeneous
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and is influenced by geometric and mechanical configurations of the connection. Nevertheless, this work proposes a safety
constant to improve the accuracy of the calculation of the bond strength when the anchorage length is < 6d. The proposed
equation is:

p
wd,/,

K=, “

4 is the bond strength, P is the ultimate applied load, & is the diameter of the bar and /, is the effective anchorage

length < 6d and f[ is the constant of safety accounting for the confinement pressure and the defect in the proposed

equation.
The safety constant can change values based on the degree of confinement in the ultimate state design for the bond strength

/. =0.92 when the d,/d ratio index is S {2.66-3.0}, /. =0.67 when the d,/d ratio index is N {3.0-3.2} and f =0.56 when

the d,/d ratio index is 1 {3.2-3.55}.
In addition, a monitoring and maintenance model is proposed based on the findings of this study to enlighten the diagnosis
and maintenance of the defective connection in the construction industry.

Proposed diagnosis and maintenance model

Based on the study on the location-based influence of grouting defects in this research, the proposed structural monitoring
model of the grouted sleeve connection can be successfully implemented. In addition to the mechanical and geometrical
characteristics of the connection, the detection of the defect's location through NDT's would be sufficient to guide a reliable
risk assessment of the defects on the grouted sleeve connection. The proposed model relies on a combined analysis of
geometric parameters of the connection, the confinement effect, the location and size of the defect to suggest the required
action, as shown in Fig. 19.

The above model can be easily implemented in actual construction and computerized to save and replicate relevant
geometric and mechanical parameters of the connection and the defect's location and size to enhance efficient structural
monitoring and maintenance during and after construction. The proposed model is supported by a risk assessment catalogue

proposed in Tab. 9.

. Slfaeve diameter Define the ratio «High impact RCTEL O
phametr of the bar -Small [2.66-2.8] *Mild impact *Urgent repairs
mbedded feng *Medium [2.8-3.3] *Minor impact sschedule repairs
*Large [3.3-3.8] *Monitoring
Take -
measurements Defect's location

N ) e

Figure 1: Defects diagnosis model and required actions.

The above catalogue summatizes the risks and impact of defects on the connection's performance to suggest the required
maintenance action based on a case by case analysis.
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d,/d ratio Configuration Risk assessment Impact on the failure mode Required action
index value / Defect’s
location Defect 3d Defect 2d Defect 3d Defect 2d
III High High Drop 12% Slip-out Urgent repair
S {2.66-2.8} 1I Minimum Minimum - - Repair
v Minimum Minimum - - Monitoring
111 High High Drop 19.6% Slip out Urgent repair
N {2.8-3.3} . . . .
II Mild Minimum Slip out - Repair
v Minimum Minimum - - Monitoring
111 High High Drop 44% Drop 15% Urgent repair
L {3.3-3.55} . ) . .
1I High Mild Drop 8% Slip out Urgent repair
v Mild Mild Slip out Slip out Repair
Table 9: Risk assessment catalogue.
CONCLUSIONS

T

his paper presents an assessment of the impact of grouting defects based on their location on the performance of
the grouted sleeve connection by analyzing 22 specimens with 7 configurations of defects subjected to a uniaxial
tensile experiment. A finite element model which accurately predicts the tensile capacity of the defective grouted

sleeve connection is proposed, validated and used to conduct numerical simulation-based sensitivity analysis of the grouted
sleeve connection to the location of the defects. Based on the analysis results, the following conclusions were drawn:

v

The connection's beating capacity dropped by 19.6% when the defect (size 3d) split the effective bonding length
(5d) into two. In contrast, the connection with a continuous bond of 5d anchorage length with the defect of size
3d on edge experienced a drop between 0% - 5% in its bearing capacity and failed by fracture. The connection's
response to the defect's location was divided into minor, mild, and high-impact locations.

The connection's beating capacity considerably changes based on the location of the defect at every distance 1d
(14mm) along the grout-bar bonding interface. The drop in capacity decreases as the defect shifts position away
from the edge up the distance (3d), beyond which the capacity slightly increases as the defect approaches the mild
impact location of the defect.

When the total anchorage length is 8d, the widespread claim that the grout-bar bond strength could be
compromised only when the defect's size is greater than 3d undermines the impact of the defect's location and of
the confinement effects, which, when included as in this study, have led to contradicting results. This claim,
however, is only valid when the defect is concentrated on the edge of the connection.

A location-based assessment of grouting defects' impact on the performance of the full grouted sleeve connection
is a promising step toward establishing an efficient parameters-based diagnosis model and risk assessment of the
defective connection and appropriate planning of the maintenance action. A diagnosis model and a risk assessment
catalogue are proposed in this work.

Different degtrees of confinement in the design value interval of the ratio of the sleeve's diameter to that of the bar
(ds/ d) significantly impact the connection's petformance. When the defect of size 34 is located in the mid-span
anchorage length, and the ds/d ratio is 2.66, the drop in the ultimate capacity is 19%. In the same location, when
ds/d is 3.55, the drop in capacity is 44% below the design requitement. Thus, except for practical constraints,
maintaining the ratio at a lower value can optimize the connection's performance.

The connection had better performance when the same defect was replicated on both the upper and lower
reinforcements bond interfaces than when located on only one end. This phenomenon indicated that the
connection responded positively to the equilibrium in the bearing capacity between the two bonding interfaces.
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