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Abstract

The knowledge of in-situ material properties is the first step in the assessment process of ex-
isting structures and, where needed, in the design of the consequent strengthening interven-
tions. In order to achieve this goal, destructive (DT; e.g., cores) and non-destructive (NDT,;
e.g., ultrasonic, rebound) test methods are generally adopted, either alone or combined. Alt-
hough many literature papers and guidelines propose to minimize the number of cores in the
estimation of the concrete strength in reinforced concrete structures, the European and Ital-
ian codes prescribe that the estimation of in-situ strength has to be mainly based on cores
drilled from the structure (DT). In this framework, the paper reports results of an experi-
mental program aimed at evaluating the effects of core tests on RC columns, as well as the
effectiveness of the structural restoration of drilling holes. Specifically, three sets of column
specimens have been considered: (i) drilled columns, (ii) drilled and subsequently restored
columns, and (iii) reference not drilled (as-built) columns. Compression tests have been car-
ried out on each column and the results have been compared with the prediction based on
codes or other literature approaches. This helped to recognize the main phenomena affecting
the column members behavior under axial loads.

At the same time, the authors calibrated detailed finite element models based on the experi-
mental results of the tests carried out on column specimens. An advanced Fem tool was used
to set-up 3D models. Numerical simulations aimed at better understanding the failure mecha-
nism, especially in the presence of the hole related to the core extraction. The role of longitu-
dinal and transverse reinforcement has been evaluated, highlighting that concrete crushing in
the areas around the hole causes the early buckling of rebars, leading to premature failure of
drilled column specimens.
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1 INTRODUCTION

The investigation of structural characteristics (geometry, structural details, materials quali-
ty, etc.) is a crucial step in the assessment of existing reinforced concrete (RC) structures [1, 2]
and, where needed, in the design of consequent strengthening interventions [3]. Specifically,
the knowledge of in-situ material properties is the first step in the assessment process of exist-
ing structures. In order to achieve this goal, destructive (DT; e.g., cores) and non-destructive
(NDT; e.g., ultrasonic, rebound) test methods are generally adopted, either alone or combined.
Although many literature papers and guidelines propose to minimize the number of cores in
the estimation of the concrete strength in reinforced concrete structures, the European and
Italian codes prescribe that the estimation of in-situ strength has to be mainly based on cores
drilled from the structure (destructive test, DT). Non-destructive tests (NDTs) can only sup-
plement coring, thus permitting a more economical and representative determination of con-
crete properties throughout the whole structure under examination. In this framework, the
paper reports results of an experimental program aimed at evaluating the effects of core tests
on RC columns, as well as the effectiveness of the structural restoration of drilling holes.
Twenty RC column specimens (dimension 30cm x 30cm x 80cm) have been purposely built
and tested by both non-destructive and destructive tests. Specifically, after the preliminary
campaign of ultrasonic tests performed on all structural members, three sets of column speci-
mens have been considered: (i) drilled columns (3 specimens), (ii) drilled and subsequently
restored columns (4 specimens), and (iii) reference not drilled (as-built) columns (3 speci-
mens). Compression tests have been carried out on extracted cores and, finally, on each col-
umn.

After the experimental campaign was concluded, the authors calibrated detailed finite ele-
ment models based on the experimental results of the tests carried out on specimens. A soft-
ware package able to fully account for the main nonlinear properties of concrete like, for
instance, cracking and crushing, as well as the reduction of shear and compressive strength
after cracking, has been used in setting up the finite element models made up of 3D tetrahe-
dral elements [4]. The numerical models have been used to carefully evaluate the failure mode,
especially for drilled specimens. This latter, indeed, are characterized by failure mechanisms
different from as-built and restored specimens that causes their premature failure.

2  EXPERIMENTAL PROGRAM

In the framework of the experimental program carried out at the Laboratory of Structures
of the University of Basilicata, totally 10 columns (out of 20 specimens available) have been
subjected to compression test until failure. The program was intended to explore the effects of
core drilling in RC members and the effectiveness of the holes’ restoration. This latter, in
comparison to the capacity of as-built specimens, not subjected to drilling nor restoration. For
this reason, the specimens’ range comprised as-built, drilled and drilled-restored columns, ac-
cording to table 1. Restoration grout is an anti-shrinkage thixotropic mortar having compres-
sive strength after one day equal to 30 MPa, and 50 MPa after 28 days.

Columns are 80 cm high with a cross-section of 30x30 cm with different longitudinal rein-
forcement. They were extracted from other specimens, namely full-scale beam-column joints
tested in the same laboratory [7] during a previous experimental campaign. As can be seen in
table 1, specimens are named “NS” or “S”, depending on the beam-column joint they are ex-
tracted from, where S specimens are extracted from seismically designed joints and are pro-
vided of 8 mm diameter hoops (spaced 20 cm) and six 14mm diameter longitudinal bars. The
only difference for NS specimens is that the number of longitudinal rebars is four instead of
SIX.

5095



G. Santarsiero, A. Masi, A. Digrisolo, V. Manfredi, G. Ventura, D. Nigro, B. Difina

This has no influence when computing confining effect according to confining models re-
ported in the following, since the additional bars of S specimens are not restrained. Specimens
show typical defects of real constructions, such as the variability of concrete cover thickness
due to movements of the reinforcement during the casting operations.

fe Mean concrete cover
Type Column ID

MPa mm
NS4 - 35.7
As-built NS7 - 37.5
S4 - 45.0
NSI1 39.56 36.6
Drilled S2 34.60 35.0
S9 39.80 40.3
NS6 39.06 39.1
) S6 34.64 40.3
Drilled-restored S11 38.85 0.0
S12 37.92 44 .4

Table 1: List of 10 columns under investigation with concrete strength of extracted cores f;, and detected con-
crete cover thickness.

In fact, table 1 reports also the concrete cover measured by means of the pacometer survey
before testing. Only for drilled and drilled-restored columns, a concrete cylinder strength is
shown. These values derive from the compression tests carried out on the extracted cores cor-
rected through the method reported in [8]. This method allows taking into account drilling
damage, shape factor of the core and possible presence of reinforcement inside the core spec-
imen. Mean value of concrete strength reported in table 1 is fmea=37.88 MPa while the
standard deviation is 6=2.09 MPa. Being the low value of the coefficient of variation
CV=0.055, the mean value can be properly assumed as the concrete strength of as-built spec-
imens.
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Figure 1: Loading schema and main instrumentation: a) on the front face and b) on the rear face.
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The compression test machine applies the load moving his bottom plate and contrasting the
top face of the specimen. The machine capacity is 3000 kN and the testing procedure is load
controlled by applying increments of 30 kN/s until the peak load is found. When the load de-
creasing (after the peak is achieved) reaches 20% of the peak load, the machine unloads the
specimen to start a new loading cycle. Figure 1 describes the loading scheme along with the
instrumentation which consists of four Linear Variable Displacement Transducers (LVDT)
placed on the front face of the specimens, one LVDT to measure the displacement of the bot-
tom plate of the testing machine and additional 3 LVDT on the rear face. Out of these, two are
placed on the concrete surface and one to measure the plate displacement on its opposite cor-
ner. Sometimes, an additional horizontal LVDT has been placed on the front face of the spec-
imen like for example in fig. 2a). As examples, figure 2 shows the three types of tested
columns placed on the Universal testing machine used throughout the experimental campaign.
The front face is that where the core, if any, is drilled and possibly restored.

Figure 2: a) as-built b) drilled and c) drilled-restored specimens before testing.

3 TEST RESULTS AND DISCUSSION

Different collapse mechanisms have been observed during the compression tests carried
out on the three typologies of columns. Similar mechanisms have been found in as-built and
drilled-restored in which a progressive deterioration of concrete cover is observed generally
before reaching the peak load. The ultimate condition is, however, represented by the rebars’
buckling which is poorly restrained due to the low amount of hoops. The drilled columns, as
could be expected, are characterized by quite different behaviour especially in the first phases
of compression tests. The first damage appears on the side of the hole in the front face, usual-
ly where the rebar is nearest to the hole. Figure 3 shows two stages of the compression test on
S2 specimen. The first vertical crack appears on the left side of the hole (figure 3a) when the
load is approaching the peak. In the following load cycles damage further concentrates in that
region causing the buckling of the left bar (figure 3b). Uneven damage distribution causes ec-
centricity between load and resisting cross-section, which is an additional source of damage.

Results in terms of ultimate load measured on tested specimens are displayed in figure 4.
The experimental ultimate load is averagely equal to 2293 kN for as-built specimens, 2260 kN
for restored specimens and 1981 kN for drilled ones, respectively. So, drilled columns show a
mean capacity reduction compared to as-built columns equal to about 14%. Restored columns
show a reduction of only 1.4%, meaning that current procedures for restoring interventions
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are effective. This conclusion has been drawn neglecting differences in terms of longitudinal
reinforcement which can be considered small.

Figure 3: S2 column: a) before peak load and b) at the end of the test.

Along with experimental results, also the analytical predictions of ultimate load for each
column is reported. It is related to the gross concrete area times the compressive strength of
each specimen added to the reinforcement contribution, as in expression (1):

Fug = A e+ 4; fis (1)

where: Ac is the gross concrete area, As is the total steel area, fys is the steel yielding strength.
For drilled specimens, Ac is obtained subtracting the horizontal projection of the hole which
has 104 mm diameter and 220 mm depth.
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Figure 4: Comparison between experimental and analytical ultimate load values (gross section).
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As can be seen, the analytical prediction of the ultimate load Fug provides far higher values
than the experimental ones. The observed scatter between experimental and analytical values
is 52%, 67% and 58% for drilled, drilled-restored and as-built specimens, respectively. This
difference strongly suggests that a much smaller value of the effective resisting cross section
needs to be considered. This is also suggested by observing that in all tests concrete cover was
spalled before reaching the peak load.

As a result, the effective section is assumed equal to the area confined by the steel cage, i.e.
the gross section minus the concrete cover area (dashed area in figure 5). Moreover, in order
to comply with international standards and codes for the design of concrete structures, the role
of confining effect on concrete strength has been considered.
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Figure 5: Effective cross section of a) as-built and drilled-restored and b) drilled specimens.

Some confinement models available in the literature [9,10] as well as the model reported in
the Italian seismic code [1] have been considered. In the following, reference only to the
model reported in [9] is made, because it provided the best matching with experimental results,
while, for the sake of brevity, results obtained with the application of the other models are not
discussed in the paper. By applying the confinement model in [9], a 5% increment of concrete
strength is averagely obtained. Taking into account this concrete strength increase and the
modified effective section displayed in figure 5, updated analytical values are computed and
the comparison with the related experimental values is reported in figure 6.
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Figure 6: Comparison between experimental and analytical ultimate load values (confining model [9]).
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As can be seen, the difference exp-num values remarkably decreases being averagely equal
to 13%, 11% and 4% for drilled, drilled-restored and as-built specimens, respectively. Larger
difference for drilled and drilled-restored specimens is somehow expected, due to the addi-
tional influence of the presence of the hole or the restoration unit on the collapse mechanism.
Further, it is worth noting that, analytical results are always on the safe side for both as-built
and drilled specimens, while, for drilled-restored specimens, they are generally higher thus
unconservative.

2500

—54  (As-built)
=59 (Drilled)
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——NS6 (Drilled-Restored)
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0 2 4 6 8 10 12 14 16
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Figure 7: Envelope of skeleton curves of NS6, S4 and S9 specimens.

Although it seems inappropriate speaking of ductility for specimens whose failure is char-
acterized by fragile mechanisms (concrete crushing and rebars’ buckling), some differences
have been found among the columns’ typologies. In order to highlight this issue, the skeleton
curves of the load-displacement envelopes have been plotted in figure 7 for three specimens:
S4 (as-built), S9 (drilled) and NS6 (drilled-restored).

Beyond the expected lower failure load of the drilled column, degrading phenomena af-
fecting as-built and drilled restored elements are more gradual. In fact, a 50% load reduction
is found at displacements of 8§ and 9 mm for drilled-restored and as-built specimens, respec-
tively, while the drilled one shows the same reduction at around 5 mm. It is important to un-
derline that restoration is able to provide the columns with almost the same ductile capacity
compared with the as-built ones. Instead, more brittle failure is expected in drilled columns.

In addition to the previous discussion, it is worth remembering that specimens subject of
this study belonged to seismically tested beam-column joints, whose concrete cover was
mostly cracked at the moment of compression tests. Therefore, the reported results are partic-
ularly meaningful for seismically damaged structures for which residual capacity to carry ver-
tical loads must be carefully evaluated, neglecting the contribution of the concrete cover.

4 FINITE ELEMENT ANALYSES

Nonlinear finite element models using ATENA 3D software package [4] were developed
in order to more deeply investigate the failure mode found in drilled columns. The software is
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based on the nonlinear fracture mechanics [11] and is capable to take into account compres-
sion softening as well as crushing and cracking of concrete.

For concrete, the robust smeared crack model “CC3DNonLinCementitious2” was used.
The modelled column is NS1, that is a drilled one. The main properties of concrete are de-
rived from the results of the compression test on the core extracted from the same column,
that is fc = 39.5MPa, fi = 2.89 MPa, v = 0.2, and Ec = 32.5 GPa, being respectively the com-
pressive strength, tensile strength, Poisson ratio, and elastic modulus. Actually, with the
exception of the compressive strength fc, all other mechanical properties are derived from lit-
erature expressions based on fe. As previously discussed, in accordance with the confinement
model in [9], the concrete strength has been increased by 5%, assuming fe=41.5 MPa in the
numerical simulations.

A fictitious uniaxial stress-strain law (figure 8-a) with displacement based softening has
been adopted [12].

We w (crack width )

b)

Figure 8: a) Uniaxial compressive stress-strain law and b) crack opening law for tensile stresses for
concrete.

Under tensile stress, concrete behavior is governed by a crack opening law, as in figure 8-b
defining the fracture energy (Gr). The tensile strength presents an exponential degrading law.
The fracture energy was computed by means of Remmel’s law [13].

An elastoplastic law with hardening was chosen for the reinforcing steel stress-strain rela-
tionship, with yielding strength f;=480 MPa and failure strength fi=590 MPa. These values
were based on experimental tests carried out on rebars belonging to the same steel supply
used for the specimens’ construction. No bond slip between concrete and steel has been con-
sidered since the column is provided of ribbed bars and slip phenomena are not significant to
global behavior under compression loads.

The global finite element model is referred to column NS1 without the concrete cover,
based on the previous considerations, after having verified that the concrete cover is ineffec-
tive to increase the maximum load carrying capacity of the members under study. This means
that only the concrete core inside the steel cage has been modeled giving a cross section
260mm x 260 mm.

Due to the presence of the core’s hole, having diameter 104 mm and depth 220 mm, the
mesh could not be structured (i.e. made of an ordinate repetition of elements having the same
size). The mesh, in fact, is made of tetrahedral elements whose mean size near the hole is 10
mm while far from it, is set equal to 25 mm. The final mesh size has been determined by a
sensitivity analysis gradually decreasing the element size. Despite only a short column is un-
der study a huge model has been generated (figure 9-a). As a whole, the model is made up of
264 straight truss elements (i.e. carrying only axial loads) to simulate the steel reinforcement
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(figure 9-b), 40347 tetrahedral elements to simulate concrete and the upper steel plate, and
9009 nodes. Analyzing such a model under cyclic loads is time expensive even using a pow-
erful workstation, thus only monotonic analyses have been made to save time. Loading histo-
ry was displacement controlled, applying to the top plate 5 mm displacement subdivided into

100 steps which the program can divide into further sub-steps based on numerical solution
needs.
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Figure 9: a) Mesh of NS1 FE model, b) steel reinforcement.

Firstly, to evaluate the effectiveness of the FEM model, experimental and numerical load-
displacement curves are compared. As can be seen from figure 10, the peak load is well pre-
dicted by the numerical simulation, while differencence are found in the ascending branch,
mainly ascribable due to the presence of a neoprene layer placed between the top face of col-
umn and the machine plate, having the role of uniformly applying the compression load dur-
ing the test. Descending branches are not coincident due to the fact that numerical analysis is
not cyclic and, then, generates less damage accompanied by a lower strength degradation.
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Figure 10: Experimental and numerical load-displacement curves for NS1 specimen.
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4.1 Analysis of the failure mechanism

By studying the model of the drilled column NS1, the failure mode of the specimen due to
presence of the extraction hole can be better understood. Specifically, figure 11a shows the
deformed shape of the specimen by means of an isometric view and a side view. The presence
of the hole determines an eccentricity between the applied load, directed along the column
axis, and the center of the resisting section, not coincident with the column axis. This eccen-
tricity introduces a bending moment around the X-axis with consequent displacements in the
Y direction, especially for the column region around the hole.

Figure 11 shows the deformed shape at the peak load. Although horizontal displacements
in the Y direction are low (below 1.0 mm), this involves an asymmetry of vertical (Z) dis-
placements too.

This latter can be seen in figure 12a, where the relation between vertical displacements
measured during the experimental tests by LVDT no. 4 (on the front face) and no. 8 (on the
rear face) is displayed. As can be seen, there is a remarkable difference, matching the de-
formed shape obtained by the FEM model (figure 11).

Figures 12b and c display the colormap of Z displacements on the same faces of the speci-
men. From this colormap, similar differential displacements can be found between the points
where the aforementioned LVDT are anchored.

This latter demonstrates the good calibration of the FEM model and its ability to predict
the column’s behavior.

Disglac ernents

(m]

0.00069
0.00060
0.00051
0.00042
0.00033
0.00024
0.00015
0.00006
-0.00003

a) b)

Figure 11: Colormap of Y displacements as a) isometric view and b) side view.

In order to complete the description of the collapse mechanism, figure 13 shows the rebars’
stresses at peak load. Longitudinal reinforcement (figure 13a) overcomes the yielding stress in
compression (fy=480 MPa), being the minimum value equal to 484 MPa. They are yielded for
most of their length as can be seen by the evolution plotted along the bars’ development. Go-
ing beyond the peak load of the specimen, the stress increases to about a maximum value of
500 MPa. This means that the bars do not fail being their tensile strength equal to 590 MPa.
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Figure 12: a) Experimental displacements and numerically evaluated on the front face (b) and on the
rear face (¢)

Hoops’ stress is equal to 480 MPa corresponding to the yielding strength of steel. After the

peak load, the hoops reach tensile stress values lower than 485 MPa. The most stressed
branches of hoops are those normal to the core axis according to the deformed shape shown in

figure 11a.
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Figure 13: a) Longitudinal reinforcement and b) transverse reinforcement stresses distributions.
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Summarizing, steel strength and ductility is not fully exploited as shown by the stress val-
ues achieved by longitudinal and transverse reinforcement. This happens because crushing of
concrete on the core sides leads to the early buckling of reinforcement and consequent failure.

5 CONCLUSIONS

This paper reports a study on the behavior of reinforced concrete columns under axial
compression load previously subjected to a seismic loading history as part of beam-column
joints. By means of compression tests, the behavior of as-built, drilled and drilled-restored
columns is investigated in order to evaluate the effect of core drilling and the effectiveness of
the holes’ restoration according to a standard procedure in the in-situ destructive testing cam-
paign on RC buildings. Further, nonlinear finite element models were developed in order to
better investigate the failure mode found in drilled columns.

The main findings from the experimental and numerical study are:

e Experimental results show that the failure of columns is characterized by early concrete
cover spalling and consequent bar buckling. In particular, concrete cover spalling hap-
pens before reaching the peak load. Analytical ultimate load evaluated accounting for the
gross concrete section is far higher than the correspondent experimental value.

e Based on the previous result, analytical prediction of the columns’ strength can be done
by considering only the confined concrete section, accounting also the confining effect.
The most accurate capacity prediction is related to the confinement model reported in [9].

e Dirilled specimens show a mean compression load capacity reduction equal to about 14%
compared to as-built specimens. Restored specimens, instead, exhibit a negligible reduc-
tion (about 1.4%).

e Also, drilled specimens show a significant ductility reduction which has not been ob-
served in restored specimens. This means that restoration is able to provide the columns
with almost the same capacity of the as-built condition.

e The nonlinear FEM model of a drilled specimen showed a satisfying predictive capacity
proved by the good agreement between experimental and numerical load-displacement
curves.

e The failure behavior of columns is characterized by the eccentricity between the axial
load and the resisting cross-section at the hole’s location. This is clearly shown by the de-
formed shape of the numerical model that matches the experimental measurements of the
LVDT placed on the front and rear face of the column.

¢ Finally, the failure of the studied column is characterized by the concrete crushing of re-
gions around the hole. This causes the early spalling of concrete cover and consequent
buckling of longitudinal bars that reach the compression yielding stress but are unable to
exploit their full strength.

The experimental and numerical investigation on column specimens here reported suggests
that the compression load carrying capacity of previously seismically loaded column members
is far lower than that obtained from code-based analytical predictions accounting for the full
cross-section. This is particularly true for weakly reinforced concrete columns as those of the
present study, for which bar buckling can be not effectively restrained by hoops and ties.
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