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Abstract: Reinforced concrete (RC) frames are an integral part of modern construction as they resist
both gravity and lateral loads in beams and columns. However, the construction methodologies of
RC frames are vulnerable to non-engineering defects, particularly in developing countries. The most
common non-engineering defect occurs due to improper lap splice, which can compromise the struc-
tural integrity. This research demonstrates an easy, low-cost, and verifiable experimental technique
incorporating micro-concrete to evaluate the seismic performance of a completely engineered RC
frame with the defect of improper lap splice. The micro-concrete was prepared by using the locally
available material for a target compressive strength and then two scaled-down RC frames (1/16 scale)
were prepared, including one proper frame and another with improper lap splice. Finally, these
frames were tested on a shake table to study their behavior under various seismic loading conditions.
This study quantifies the severity of high-risk structural systems due to non-engineering defects.
The experimental results demonstrate that improper lap splice can alter the frame’s damage points,
triggering the failure of the whole structure.

Keywords: reinforced concrete frame; non-engineering defects; improper lap splice; Applied Element
Method (AEM); micro-concrete; shake table test

1. Introduction

The reinforced concrete (RC) moment resisting frame (MRF) is among the most com-
mon building construction practices in the modern world [1]. In recent earthquakes, these
buildings have suffered damages mainly due to their inadequate design and flawed en-
gineering practices in developing countries [2,3]. Many countries follow international
building codes which have stringent building code requirements for high seismic zones.
However, the construction practices in developing countries are slack, which has caused a
severe threat to these buildings. This vulnerability could be attributed to various kinds of
non-engineering defects in the buildings and has been widely accepted by experts in the
past [4,5]. In this research, the authors have investigated improper lap splicing as an existing
defect in RC frame construction which can occur due to incorrect or inadequate design.

It is imperative to note that through the experiences of experts [6], it is found that
the main causes of these various non-engineering defects are due to a lack of (1) con-
cern for safety, (2) awareness to build earthquake-resistant buildings, (3) skills in seismic
design and workmanship, and (4) scarcity in construction materials. While some non-
governmental organizations (NGOs) and academicians have tried to study and understand
the cause of these problems [7–9], especially when built by local contractors, many oth-
ers have tried to provide various retrofitting measures for these buildings to make them
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earthquake-resistant [10–13]. However, only a few researchers have examined these defects
experimentally or analytically for dynamic testing to achieve a tailor-made solution in the
form of retrofitting [14]. The main reason for this is the cost and complications involved in
manufacturing RC frames of different cases and conducting a shake table test.

Various researchers have attempted to study different inadequacies in the construction
of RC frames concerning their design and code provisions [15,16]. They have primarily
focused on the health monitoring of such structures including the effects of such inade-
quacies on the structural integrity [17–19]. Filiatrault et. al. [20] compared a ductile RC
frame with a non-ductile frame using a 1:4 scaled two-story two-bay model and provided
some recommendations to improve the seismic protection of ductile and non-ductile RC
frames. Caccese and Harris [21] conducted a shaking table test using 1:5 scaled RC mod-
els by employing non-linear ultimate strength models. Similarly, Zamic et al. [22] and
Kim et al. [23] also conducted static and dynamic tests of RC models with 1:4 and 1:6 scales,
respectively, and evaluated various aspects including cyclic degradation of stiffness and
energy absorption of the RC frame. Noor et al. [24] explicated the procedures, factors,
merits, limitations, and drawbacks of scaled concrete testing which are later used in this
article to derive the scaled parameters.

The experimental approaches enlightened in the above-mentioned research works
were not qualified for the current requirements on the cost of the setup, which would
eventually lead to a series of multiple experiments to investigate other non-engineering
defects. To reduce the cost, one of the most lucrative ideas is to have an RC model
with a scale higher than 1:10. This requires expertise in the design and construction
of frames involving micro-concrete and small-diameter rebars. The possibility of utiliz-
ing micro-concrete for small-scale testing is evaluated by several researchers including
Dejian et al. [25], Boutemeur et al. [26], and Tobar et al. [27]. This research explains a sim-
ple and demonstrable experimental technique using micro-concrete to design and build
completely engineered and non-engineered RC frames and test them on a shake table.

Among different non-engineering defects, improper lap splicing has been studied in
this research which is one of the most common problems occurring in RC structures, espe-
cially in developing countries. Some existing research has focused on the experimental eval-
uation of this defect concerning columns. For instance, the seismic fragility of RC structures
with splice-deficient columns was studied experimentally [28,29]. The results exhibited that
the vulnerability of such RC structures is dependent on the failure mode of splice-deficient
columns and the limit state under consideration. Similarly, Chronopoulos et al. [30] stud-
ied the behavior of inadequate splices in the tension reinforcement of RC elements and
recommended their upgradation through welding. Elrakib and Arafa [31] studied these
common defects in RC beams under flexural loading. They concluded that the distress
produced due to these defects causes an abrupt failure of the structure without the inter-
mediate stage reducing the ductile behavior of the elements. Goksu et al. [32] evaluated
the effect of different lap splice lengths in RC columns and suggested the provision of
hooks to improve the bond–slip behavior. Cho and Pincheira [33] carried out nonlinear
numerical modeling to determine the required splice length in reinforced concrete columns.
They presented a model based on the local bond stress–slip relationship which could calcu-
late lateral load resistance and deformation corresponding to splice failure. Chowdhury
and Orakcal [34] also performed analytical modeling to investigate the inadequacy of lap
splices. This inadequacy of lap splices can lead to an inadequate bond strength causing
the reduction of concrete durability and the load-carrying capacity of structural members
under various kinds of loadings [35]. Thereby, there should be a sufficient lap splice length
with compatible bond strength between concrete and reinforcement rebars to maintain the
proper distribution of stresses in the RC structural frames.

2. Code Requirements for Rebar Lap Splices

It is well established that the bond formation between steel reinforcing bars and concrete
results from the adhesion, mechanical interlock, and friction produced by the ribs of the
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reinforcing bar. The mechanical interlock, as compared to adhesion and friction, does not
occur with plain reinforcing bars owing to their plain surface [36]. The bond strength of
a plain bar is comparatively low and for reaching the yield strength, the lap splices are of
paramount importance. Additionally, the reinforcing bars are generally supplied by the
manufacturers in shorter lengths and because of it, it is often essential to splice the bars in
the field. Several structural design guidelines including ACI 318-19 [37] and ASCE 41-13 [38]
stipulate the empirical formulas for the required lap splice length of reinforcing bars.

By definition, the lap splice length is a function of reinforcing steel yield strength
( fy) and concrete strength ( f ′c). There are two types of lap splices: (1) tension splices and
(2) compression splices. In columns subjected to the axial force and moment, the tensile
stresses may generate on one face of the column for eccentric loading. If such stresses occur,
ACI 318-19 [37] code provisions require tension splices to be used. The splice requirements
are prepared based on that a compression lap splice has a tensile strength of at least
0.25 fy. Therefore, even if column bars are designed for compression, some tensile strength
is inherently provided. The minimum lap splice length in tension (lst) not less than 300 mm
is selected based on the class type considering the development length (ld) of the bar as
shown in Table 1 in which Class A and Class B correspond to lst = 1.0 ld and lst = 1.3 ld,
respectively. For lap splice lengths in tension for column members, Class A and Class B are
decided based on the maximum tensile bar stress due to the factored loads. For instance, for
tensile stress ≤ 0.5 fy and maximum percent of As spliced within the required lap length
≤50%, the splice type is designated as Class A. Otherwise, the lap splice length is taken to
be greater than 1.3 ld and 300 mm for Class B.

Table 1. Classification of tension splices of rebars recommended by ACI 318-19.

Maximum Tensile Bar Stress

The Maximum Percent of As Spliced within the Required
Lap Length

≤50% >50%

≤ 0.5 fy Class A Class B
> 0.5 fy Class B Class B

On the other hand, compression splices do not need provisions as stringent as those
specified for tension splices. Reinforcing bars in compression are spliced mainly in columns,
where bars are terminated normally just above each floor or every other floor. This is
conducted partly for construction convenience, to avoid handling and supporting long
column bars; however, it is also conducted to allow the column steel area to be reduced in
steps, as the loads reduce at higher floors. The minimum lap splice length in compression
(lsc) not less than 300 mm is selected based on the yield strength fy of the reinforcement bar
and the concrete strength f ′c as shown in Table 2. The required lap splice length increases
when f ′c is lower and fy is higher. As per ACI 318-19 [37], the required lap splice length is
to be increased by a multiplying factor of 1.333 for f ′c < 21 MPa.

Table 2. Classification of compression splices of rebars recommended by ACI 318-19.

f ′c (MPa) fy ≤ 414 MPa 414 MPa < f y ≤ 550 MPa fy > 550 MPa

≥21
lsc = Larger of
(a) 0.071 fydb
(b) 300 mm

lsc = Larger of
(a) (0.13 fy− 24)db
(b) 300 mm

lsc = Larger of
(a) (0.13 fy− 24)db
(b) lst

<21 lsc = 1.333 × 0.071 fydb lsc = 1.333 × (0.13 fy − 24)db lsc = 1.333 × (0.13 fy − 24)db

Note: db denotes the diameter of the rebar and lst denotes the lap splice length in tension.
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3. Design and Development of Model Structure
3.1. Design of Structure

A simple two-story RC frame was selected and designed based on ACI 318-19 [37]
code provisions. A finite-element-based building design software was utilized to find the
member forces and section sizes along with the demand for reinforcement bars. The input
parameters for the design of the structure were selected from the Building Code of Pakistan
because of its frequent issues related to non-engineering defects [4,39].

These seismic provisions stipulated in the Building Code of Pakistan are compati-
ble with the American Concrete Institute ACI 318-08. Figure 1a shows the dimensions
and reinforcement bars selected for the actual full-scale frame structure. The connection
of the beam-column is designed to be hinged allowing the rotation without any transla-
tional displacement, whereas the base of the columns is assumed to be fixed ignoring the
soil–structure interaction. The slenderness ratio of the columns (kLu/r) is determined to
be 0.85 × 3.6/0.139 = 22, where k = 0.85 is the effective length factor for a column with a
fixed base and hinged top determined from the Jackson and Moreland Alignment Charts,
which provide a graphical determination of k for a column of a constant cross-section in a
multi-bay frame; Lu = 3.6 m represents the column height of a single story, and r = 0.139 m

shows the value of the radius of gyration estimated from the basic formula of r =
(

Ig
Ag

)1/2

(where Ig and Ag are the second moment of area (m4) and cross-sectional area (m2) of the
column, respectively).
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Figure 1. Reinforcement detail. (a) Actual size structure and (b) 1/16-scaled model.

According to ACI 318-19 [37], slenderness (or second-order) effects can be neglected
in unbraced columns (against sideway) if kLu/r ≤ 22. The section sizes of structural
components, i.e., column and beam, and reinforcement detailing are also shown in Figure 1a.
As for the columns, the longitudinal bars of D35 (dia: 35 mm) and stirrups of D11@190 mm
c/c are embedded in 480 × 480 square-shaped short columns with a reinforcement ratio of
1.67% while preserving a concrete cover of 35 mm, whereas the singly reinforced beams
with a 320 × 400 rectangular-shaped cross-section are designed by providing D30 bars on
the top and bottom along with ties of D11@250 mm c/c while preserving a concrete cover
of 30 mm. These are the design parameters considered for the full-scale frame structure.

3.2. Scaling of the Structure

The similitude laws are essential for testing the scaled model. Both the dimensional
analysis and direct use of the governing equations can be employed to derive the scaling
laws [40]. It is a fact that a wholly scaled replica of RC structures is almost impossible
because the post-yielding behavior of concrete is governed by the following three significant
parameters: (1) the descending part of the stress–strain curve of concrete in compression,
(2) the cyclic response degradation, and (3) the steel and concrete bond characteristics. Due
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to these factors, the use of micro-concrete becomes essential which is also advantageous
in terms of saving material and equipment, and helps in better handling [41]. However,
by taking the stress and stiffness scale factors equal to unity, the similitude requirement
for density cannot be satisfied. Thereby, by selecting micro-concrete as the model material,
the similitude requirement for density should be equal to unity. As small-scale models of
RC structures in seismic analysis cannot be accurate replica models, one of the following
strategies is usually adopted to reproduce similar inertial effects [24] as (1) reducing the
material strength, (2) the provision of additional masses at appropriate points on the
model and loosely attached so that the stiffness and strength of members are not altered,
and (3) changing the density of the materials by keeping other properties constant. The
laws of similarity by taking the density as the unity are shown in Table 3, which are
applied to develop a small-scale replica of the actual RC frame structure. In other words,
the dimensions of the cross-sections of structural components and reinforcement bars
are reduced to 1/16-scale to obtain the reinforcement of the small-scale model as shown
in Figure 1b.

Table 3. Laws of similarity.

Parameter 1/16 Scaled Value Target Value

Length 1/16 1/16
Area 1/162 1/162

Mass 1/163 1/163

Time 1/
√

16 1/
√

16
Density 1 1
Stress 1/16 1
Strain 1/16 1

Furthermore, the same ground motion cannot be applied to an actual model and a
scaled model to verify the laws of similarity. In this case, to verify the similarity laws for a
scaled model structure, additional weights were calculated based on the weights of actual
and scaled models as shown in Table 4. The additional mass calculations are based on
Equation (1).

DG =
1

S2
L

{
GP

(
1− 1

SL

)
+ QE

}
(1)

where DG is the additional weight; SL is the scale of the model (=16); Gp is the weight of
the actual size model (=9830 kg); and QE is the vertical live load (=0). After putting these
values in Equation (1), DG turns to 36 kg. Besides this, the time of the input ground motion
was also contracted [24]. The time contraction is estimated to be ST = 1√

SL
= 1

4 .

Table 4. Estimation of weights of actual and scaled models.

Model Volume (m3) Total Weight (kg)

Weight of actual size model 4.096 9830
Weight of scaled model 0.001 2.4

3.3. Verification of the Similitude Laws

In order to verify the application of the laws of similarity for a 1/16 scale-down model
structure, two analyses, one for the actual size structure and the other for the scaled-down
model structure, were carried out and the results were compared to see the effectiveness of
AEM in the case of small modeling against earthquake loadings.

3.3.1. Selection of Ground Motion

The selection of ground motions was made on the basis of ASCE 7-16 16.1 and the
peak values of the acceleration response spectrum of the ground motions. According to
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ASCE 16.1.1 [42], the response history analysis shall consist of not less than three appro-
priate ground motions. Each ground motion shall consist of a horizontal acceleration
history obtained from the records of events having a magnitude, fault distance, and source
mechanism that are consistent with those factors which control the maximum consid-
ered earthquake. The ground motions shall be scaled such that the average value of the
5% damped response spectra for the suite of motions is not less than the designed response
spectrum for the site for periods ranging from 0.2 T to 1.5 T where “T” is the natural period
of the structure in the fundamental mode for the direction of the response being analyzed.

For the verification of the laws of similarity, the ground motions were selected based
on the time period of the actual size structure. The natural time period of the actual size
frame was calculated as 0.275 s by using the ASCE 7-16 12.8.2 analytical formula [42]. On
this basis, three earthquakes including the 1999 Chi-Chi earthquake, Taiwan, 1940 El Centro
earthquake, California, and 1994 Northridge earthquake, California were selected for the
numerical simulation of the actual and scaled structure. The reason for their selection is
that the peaks of the response spectrum of these earthquakes are within the range of the
time period of the actual size structure as shown in Figure 2.
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3.3.2. Applied Element Method (AEM) Results

The actual size structure and the 1/16 scaled structure were analyzed against the
above-mentioned ground motions by using the Applied Element Method (AEM) with
similar geometric properties. The properties of the scaled model were reduced according
to the 1/16 scale including the size of the elements in the analysis. The additional weight
of 36 kg was also applied to the scaled model as per the laws of similarity. Furthermore,
the ground motion duration was also contracted with the factor of 1√

16
as per Table 3. The

deformed shape and cracks in the springs for the actual structure and scaled model were
compared at three different stages of loading as shown in Figure 3. The analysis results
show that both the actual frame and scaled frame exhibited similar crack propagation at
different stages of loading. The maximum displacement was obtained for both cases and
the time history of both frames is also shown in Figure 3.

For actual structure: Maximum displacement = 8.55 mm
Max. Displacement/height of structure = 0.00119

For scaled model: Maximum displacement = 0.453 mm
Max. Displacement/height of structure = 0.00101

Difference in results = 2.52%
The drift ratio values of both the actual size frame and the scaled frame are significantly

close to each other, which verifies the applicability of the similitude laws and demonstrate
that the numerical simulation of the scaled model can lead to fruitful results.
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3.4. Preparation of Model Structures

The geometric properties of the model are shown in Table 5. Based on these properties,
it was decided to fabricate the formwork by aluminum angles with simple nuts and bolts
as aluminum angles are lightweight and can give an excellent finish to the surface, which is
very important for small-scale models. Due to the small diameter of the reinforcement bars,
it was a challenging task to prepare the same size stirrups with a margin of 2 mm clear
cover for micro-concrete. Figure 4a,b show the stirrups preparation and spacing between
the stirrups. To tie the stirrups with beam and column reinforcement bars, a steel wire of
0.2 mm diameter was used to obtain the same effect as field conditions. To maintain a proper
clear cover, small pieces of a 1.9 mm bar were attached to the main reinforcement bars so
that the wires did not bend in the formwork. Figure 4c shows the prepared reinforcement
cages for the beams and columns.

Table 5. Geometric properties of the model.

Sr. No. Parameter Value

1 Height of model 450 mm
2 Width of model 250 mm
3 Dimensions of columns 30 mm × 30 mm
4 Dimensions of beams 20 mm × 25 mm

3.5. Location of Improper Lap Splices

The main focus of this research is to study the effect of improper lap splicing on
reinforced concrete frames. It was intended to select that location for improper rebar
splicing, where it produces the largest displacement in the structure so that the effect can
be easily studied during the experimental program. Different locations of improper lap
splices were considered, such as (1) at the center of top bars, (2) at the center of bottom bars,
(3) at 1/6th of the beam length (L) from the face of the column for the top bar, and (4) at
1/6th of the beam length (L) from the face of the column for the bottom bar. The maximum
displacement and ratio of displacement to the height of the structure were evaluated for
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each scenario using the Applied Element Method (AEM). Figure 5 shows the plots of
maximum displacement achieved in each case which shows that maximum displacement
was found to be caused for the case when the improper splice was provided at 1/6th of the
beam length (L) from the face of column for the top bar. Thereby, an improper lap splice
effect was selected and introduced at 31 mm (1/6 × beam length) from the beam–column
interface, as shown in Figure 6. According to the ACI 318, the minimum splice should be
48 db where db is the diameter of the bar; thereby, in a given case, it should be 90 mm,
whereas the provided splice is 9 mm.
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4. Materials for Small-Scale Modelling

Micro-concrete is usually used in small-scale RC models, which is a mixture of suitably
graded sand, Portland cement, and water [43]. The selection of model materials in this
study was made on a practical basis rather than on a theoretical basis considering the
inherent complexity of many factors that influence the properties of hardened (cured)
concrete. Theoretically, the scaling of concrete properties not only needs the suitable scaling
of aggregate size but also the scaling of pore size in the gel and of void size in the hardened
mixture. Although the aggregate in the micro-concrete fulfills some of these requirements
partially, the cement particle size cannot be scaled. In other words, a precise simulation of
small-scale model concrete is not ideally possible [23]. There is no criterion to obtain the
values of a mix design against a particular compressive strength for the micro-concrete.
The determination of a suitable micro-concrete mix has been the subject of many studies in
the past [24] as it is dependent on many factors including the type of locally available sand,
varying aggregate-to-cement and water-to-cement ratios, workability required, and most
importantly the similitude requirements and scale of the model concrete. The adopted
procedure for the 1/16 scale frame with a target strength of 21 MPa is shown in the
subsequent subsections.

4.1. Sieve Analysis

The values of the aggregate gradation curve were selected based on the maximum
aggregate size given in the Naval Facilities Engineering Command [43]. The aggregate
gradation curve used for the model concrete is shown in Figure 7. This gradation curve
was achieved by performing the sieve analysis of locally available sand (#2 to #8 sandbags,
available in Tokyo, Japan) and then by mixing the required proportions of each size. The
curve in Figure 7 shows a monotonic increase of passing aggregate with respect to the
aperture size.
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4.2. Selection of Aggregate-to-Cement and Water-to-Cement Ratios

Following the steps given in the Naval Facilities Engineering Command [43], a value
of water-to-cement ratio against the required compressive strength was obtained from the
graph shown in Figure 8a. By using this water-to-cement ratio, the aggregate-to-cement
ratio was calculated by using the graph shown in Figure 8b. As these values do not confirm
whether the required strength will be achieved or not, for this purpose, four different
mixes were selected as shown in Table 6, and a compression test was carried out to find the
strength achieved for selected mixes. This step-by-step procedure gives an idea about the
selections of the aggregate-to-cement ratio and water-to-cement ratio against the targeted
strength of micro-concrete with excellent workability. On this basis, four different mixes
were selected for the model as shown in Table 6.
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Table 6. Selected mixes.

Mix No. Aggregate-to-Cement Ratio Water-to-Cement Ratio

M-1 3.6 0.76
M-2 3.6 0.72
M-3 4.25 0.8
M-4 4 0.78
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4.3. Casting and Capping of Cylinders

A total of 56 cylinders were cast and tested at 7, 14, and 28 days to see the difference in
compressive strengths of different mixes. The cylinder size was selected to be 50 × 100 mm
so that the size effect does not occur in model concrete and prototype concrete in the
controlled compaction and curing conditions of model concrete. Additionally, the variation
in mean strength becomes more pronounced for the specimen size below 50 × 100 mm [44].
The casting procedure was adopted according to ASTM C-192 [45]. The mixing of micro-
concrete was performed manually by first combining the weighted aggregate and cement
and then gradually mixing with water. The micro-concrete was poured in three layers; each
layer was tamped by 25 strokes with a steel rod of 10 mm diameter. After smoothing the
upper surface of the concrete molds, they were covered to prevent moisture loss and left
undisturbed for 24 h. The specimens were put into the curing tank after stripping off the
molds. The specimen was capped one day before the test. The whole process of casting,
curing, and capping of micro-concrete cylinders is shown in Figure 9.
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Figure 9. Casting of micro-concrete. (a) Freshly casted cylinders, (b) curing conditions, and
(c) capping process.

4.4. Compressive Strength of Micro-Concrete

The compression test was conducted under the specifications mentioned in ASTM
C-39 [46]. The testing was performed on the AG-100 kN Autograph Shimadzu testing
machine. The applied strain rate was 0.3 mm/min. The compression tests of mix numbers
M1 to M4 were conducted at the age of 7, 14, and 28 days. The results of the compression
test are shown in Table 7. The relationships between the compressive strength and age of
micro-concrete are shown in Figure 10a. The results show that mix M1 and M2 had similar
strengths which are very close to the target strength, but due to the higher workability,
M1 was selected for the model frame. The stress–strain relationship of the cylinders from
M2 has been shown in Figure 10b which shows that the selected mix of micro-concrete
has a 3% strain.
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Table 7. Compressive strength (MPa) of all mixes *.

Mix No. 7 Days 14 Days 28 Days

M1 12.32 15.82 19.27
M2 12.59 16.28 19.89
M3 8.18 11.22 14.39
M4 9.63 12.24 15.39

* Average of 3 samples.

4.5. Size Effect in Compression

To know the influence of age, cement-to-aggregate ratio, relative consistency, spec-
imen shapes, and aggregate fineness on the size effects in concrete, Yi et al. [47] and
Sabnis et al. [48] conducted a comprehensive experimental study for cylindrical, cubical,
and prismatic shapes of concrete specimens with a wide range of sizes and different height-
to-diameter ratios and concluded that, with the increase in cylinder diameter, the strength
ratio decreases accordingly. Elfahal et al. [49,50] investigated the size effect in normal-
strength concrete cylinders with sizes ranging from 75 × 150 mm to 600 × 1200 mm and
validated the existence of the size effect in concrete cylinders. The smaller samples had a
higher compressive strength and reached almost full strength in a shorter time than the
larger ones.

In this study, cylinders of 38 mm, 50 mm, and 70 mm diameters were cast and tested at
the age of 14 days to see the size effect. The average compressive strength of three samples
each are shown in Table 8. The trend of the decrease in strength by increasing the specimen
size is shown in Figure 11. The decrease in strength for larger specimen sizes is significant.
Almost 10% of strength reduces in 50 mm diameter cylinders when compared with 38 mm
diameter cylinders. Similarly, a 23% decrease in strength was observed for 70 mm diameter
specimens when compared with 38 mm diameter cylinders. This trend is almost similar to
the trend of normal concrete.

Table 8. Compressive strength (MPa) of different size cylinders at 14 days *.

Cylinder Diameter
38 mm 50 mm 75 mm

Average f ′c (MPa) 17.96 16.27 13.76
* Average of 3 samples.
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4.6. Tensile Strength of Scaled Rebars

As the scale of the model structure was selected to be 1/16, the diameter of the
reinforcing bars was very small. In this study, three different diameter bars were used
for the reinforcement of the model structure. The sizes include 0.7 mm diameter bars for
stirrups, 1.9 mm diameter bars for the main reinforcement of beams, and 2.2 mm diameter
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bars for the column reinforcement. These deformed bars, as shown in Figure 12, were
manufactured by Kingo Seisakusho Co. Ltd., Tokyo. The tensile test on these bars was
conducted by using the AG-50 kN Autograph Shimadzu testing machine with a loading
rate of 1 mm/min. The average tensile strength of these bars is shown in Table 9. The
design yield strength for the model structure was 345 MPa. The stress–strain relationships
and tested samples are shown in Figure 13 which shows a satisfactory value of the yield
strength of the scaled rebars.
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Table 9. Tensile strength of reinforcement bars *.

Diameter (mm) Stress (MPa) Strain (%)

0.7 414.7 1.51
1.9 328.7 4.32
2.2 393.28 5.42

* Average of 4 samples.
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5. Experimental Study
5.1. Instrumentation, Test Setup, and Testing Procedure

The model frames were instrumented with accelerometers and laser displacement
sensors to assess their dynamic behavior. A total of 10 AS-2GB cable-integrated accelerome-
ters with a ±19.61 m/s2 (±2 G) rated capacity were installed on both models. In addition
to the accelerometers, five LB-300 ultra-long-range type laser displacement sensors were
also installed on both models. The experimental setup for the shake table test is shown
in Figure 14 which shows the location of all sensors. The model frames were built in 2D
which implies that they cannot resist out-of-plane shaking, so to avoid out-of-plane failure
of the model frames, frictionless rollers were mounted against the out-of-plane support to
avoid out-of-plane failure.
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5.2. Shake Table Properties

For the shake table experiment, two model frames named a proper frame and an
improper frame were cast and tested at the same time to compare the results. The shake
table system at the Institute of Industrial Science, The University of Tokyo, can control six
degrees of freedom. Its properties are shown in Table 10. In this experiment, the shaking
was only limited to one direction.

Table 10. Properties of shake table (Source: ERS, IIS, The University of Tokyo).

Property Description

Frequency range DC~100 Hz
Maximum load capacity 2000 kg
Shake table dimensions 1.5 m × 1.5 m
Maximum velocity (XYZ axis) 1.1 m/s

Exciting force (XY axis) Sine wave: 2000 kgf
Pulse wave: 3000 kgf

Maximum displacement (XY axis) ±100 mm

Maximum acceleration (XY axis)
Sine wave: 2.5 G and Pulse wave: 3.7 G (without load)
Sine wave: 1.7 G and Pulse wave: 2.6 G (1000 kg)
Sine wave: 1.2 G and Pulse wave: 1.0 G (2000 kg)

Maximum rotation angle ±15◦

5.3. Sinosoidal Motion Selection

Sinusoidal motions of frequencies ranging from 1.5 Hz to 60 Hz with a maximum of
2.0 g amplitude were applied to obtain the dynamic response of the structure. The rate of
sampling frequency was kept at 200 Hz. After each sinusoidal wave, white noise of a 3 min
duration was applied to obtain the frequency of the model frames to study the change in
frequency with structural damage. The loading sequence of the input motion is shown in
Figure 15. In the loading sequence 45–49, a 10 Hz frequency for 40 s was applied, and in the
loading sequence 55–57, a 10 Hz frequency for 2 min was applied. This loading sequence
was obtained by keeping in view the following:

n By obtaining the maximum displacements, for all frequencies, in the proper frame
through time history analysis in Staad.pro, which is a structural analysis and design
software. The obtained values of displacements against all frequencies are shown
in Table 11.

n By judging and following the structure behavior against given inputs on the day
of the test.
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Table 11. Maximum displacements by time history analysis.

Sr. No. Frequency (Hz)
Maximum Displacement (mm)

(1st Story) (2nd Story)

1 60 0.065 0.182
2 55 0.095 0.253
3 50 0.203 0.522
4 45 0.559 1.32
5 40 0.264 0.645
6 35 1.962 4.504
7 30 0.778 1.749
8 25 0.455 1.003
9 20 0.336 0.730
10 15 0.278 0.596
11 12 0.257 0.550
12 10 0.254 0.541
13 8 0.240 0.511
14 5 0.237 0.505
15 2 0.144 0.306
16 1.5 0.087 0.184
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5.4. Calibration of Shake Table and Preparation of Data Files

To prepare and calibrate the input data files for the shake table, two wooden dummy
frames were fabricated and mounted on the shake table as shown in Figure 16. The
additional weight of 63 kg was placed at the shake table to comply with the weights of
actual model frames. The other properties were also kept constant as the actual model
frames. While keeping in view the limitations of the shake table, sinusoidal waves of
frequency ranging from 60 Hz to 1.5 Hz were prepared. These sinusoidal waves were
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prepared for the maximum achievable amplitude, velocity, and displacement from the
shake table. The values of these properties are shown in Table 12.
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Table 12. Properties of sinusoidal waves.

Frequency Max. Amplitude Max. Velocity (m/s) Max. Displacement (mm)

60 2.0 g 0.060 0.11
55 2.0 g 0.065 0.14
50 2.0 g 0.10 0.25
45 2.0 g 0.080 0.24
40 2.0 g 0.086 0.31
35 2.0 g 0.10 0.40
30 2.0 g 0.11 0.52
25 2.0 g 0.14 0.85
20 2.0 g 0.16 1.31
15 2.0 g 0.22 2.30
12 2.0 g 0.27 3.54
10 2.0 g 0.33 5.21
8 2.0 g 0.40 7.91
5 2.0 g 0.65 20.6
2 1.28 g 1.0 79.55
1.5 0.77 g 0.80 88.50

6. Results and Discussions
6.1. Crack Pattern and Energy Dissipation Mechanism

To envisage the crack pattern and energy dissipation mechanism, a total of 63 shake
table tests were performed for both proper and improper frame structures. Hereinafter,
each test is called a Run as shown in Table 13. For both proper and improper frames, no
cracks were observed until Run 30. Some cracks were observed in the improper frame from
Run 31, and the complete failure of the improper frame was observed after Run 39, whereas
the proper frame did not show any cracks even after Run 55. After Run 57, the proper
frame exhibits some cracks in the beam–column interface, which propagate in Run 61 and
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lead to a complete collapse in Run 62. The detail of each frame after each Run is explained
in Table 13.

Table 13. Crack pattern and description of proper and improper frames.

Run
Description

Proper Frame Improper Frame

1–30 No cracks No significant cracks appear in the frame

31 No cracks

Significant cracks appeared in the
beam–column joints when a 10 Hz
frequency was applied for 40 s. The cracks
in the frame are shown in Figure 17. Partial
cracks appear in the base connection.

32–38 No cracks

No significant changes in the cracks. The
frame was able to resist higher frequencies
(i.e., 35 Hz and 40 Hz) and also low
frequencies (i.e., 5 Hz and 2 Hz) with lesser
(50%) amplitude.

39 No cracks

The cracks in the joints widen up severely,
and additional cracks appear in the base
connection. The reinforcement bars in the
top right corner of the improper frame had
a shear failure. The accelerometer A9 was
detached, and reinforcement was visible.
Its close-up view is shown in Figure 18.

40 No cracks

Complete failure of the improper frame.
Both beams were damaged entirely as
shown in Figure 19b. Although there were
some cracks at the beam–column interface
at point 40-A, but the improper lap splicing
dominated the failure at this portion. At all
other joints, the failure occurred at the
beam–column joints.

41–44

No cracks were observed in the proper
frame. After this stage, the 10 Hz
frequency loading was repeated
several times.

Collapsed

45–58
The 8 Hz, 10 Hz, and 12 Hz frequency
waves were repeated several times, but
no cracks were observed.

Collapsed

59

Significant cracks appear after repeating
the 10 Hz frequency several times for
2 min. There were no significant cracks
in the base connection.

Collapsed

60,61 No significant change in cracks. Collapsed

62

Severe cracks appear in all joints, as
shown in Figure 19a. The base
connections also had severe cracks. The
accelerometers were detached from
points 62-a and 62-c.

Collapsed

63

Complete failure of the proper frame.
None of the beams were completely
detached, but all beam–column joints had
severe damage.

Collapsed
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6.2. Hysteresis

The hysteresis load–displacement behaviors of both the proper and improper frames
are shown in Figure 20. From the hysteresis after Run 31, it is evident that the improper
frame has huge roof displacement as compared to the proper frame, indicating the initiation
of bond–slip behavior. From this, there is the initiation of gradual strength degradation, due
to the deterioration in bond stresses between the concrete and reinforcing steel bars. Ulti-
mately, the hysteresis diagram after Run 40 shows the failure of the improper frame. On the
other hand, the proper frame was still behaving structurally fine at Run 40, demonstrating
the effectiveness of the lap splices of reinforcing bars. After Run 60, the roof displacement
of the proper frame is increased. The difference in displacement at the roof of both frames
at Run 20 and Run 30 is shown in Figure 21 which exhibits that the improper frame has a
larger displacement since the beginning.
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7. Conclusions

The main goal of this research is to highlight the consequences of improper lap splicing
in RC frame structures. To this aim, the authors demonstrated a simple, inexpensive, and
evident experimental technique by using micro-concrete with locally available material to
assess the seismic performance of a completely engineered RC frame with the defect of an
improper lap splice. Based on the experimental investigation, the following conclusions
can be drawn:

(1) The experimental results have proved that improper splicing details can reduce the
capacity of reinforced concrete structures sufficiently, and the structure is highly
vulnerable in case of an earthquake. The shake table test results demonstrate that the
plastic hinges and damage points for the proper frame are the beam–column joints and
the base connections as shown in Figure 19a, but if there is a provision of improper
lap splice, then this can alter the damage point of the structure, triggering complete
detachment of the beam with the improper lap splice as observed in Figure 19b at
point 40-A.

(2) The experimental results of this research also demonstrate the reduction in strength,
stiffness, and energy dissipation of RC structures, which have been through multiple
earthquakes, which implies the reduction in the age of the structure. Furthermore,
the results from this experiment can be used for awareness among local communities
about the vulnerability of structures against earthquakes due to these small, neglected
defects. This could reduce poor construction practices in developing countries in
future projects.

(3) In addition to the scientific importance of this research, the authors would also like to
emphasize the cost-effectiveness of this research. While increasing the burden on the
financial component of experimentations, studying problems such as non-engineering
defects could not be lucrative with the conventional methods of testing. Therefore,
the testing mentioned in this research should pave the way for other research in



Infrastructures 2023, 8, 56 21 of 23

micro-modeling to reduce the cost and study non-engineering problems extensively
to find scientific and social solutions.

(4) In this research, the shake table test was conducted by limiting the shaking to only
one direction to avoid the out-of-plane failure of the 2D frames. Furthermore, it is
also important to mention here that this research focuses mainly on the qualitative
presentation of the problems caused by non-engineering defects. The idea of a re-
duction in the capacity of a structure with non-engineering defects can be achieved
qualitatively through the numerical simulation presented in the article but the extent
of the reduction in strength as compared to the proper structure could not be acquired
at this stage. So, there is a need to further improve the numerical analysis techniques
by using the experimental results.

This paper will be an additional contribution to the structural engineering community,
which focuses on the consequences of commonly encountered non-engineering defects,
i.e., improper lap splices in RC frames. Therefore, the results of this research can be useful
to prepare the proper guidelines on the non-engineering defects encountered during the
construction of RC frame structures for the sake of improving their structural integrity and
load-carrying capacity.
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