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|IC Precast System

(100 % Malaysia Technology With 6 IPs’)

* 100% Malaysian Technology with 6 IP’s ( Intellectual Property )
* Internationally Published by Foreign Journals and Magazines

» Designed for Tropical Climate Country by using “ Wet Joint ” system Earthquake
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In the construction of a building, there are always 4 types of joint namely
“L-shape ” “ T-shape” “ Cross shape” “ Straight joint ”
Modular shear keys (wet joint ) No leaking & No crack
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The system is a proprietary technology that has been established in accordance to British

Standards (BSI ) and is also a patented technology.

The main design of the connection system has also been subjected to detail checking by an
Independent Checker.

Hence, the specifications are not to be altered without proper engineering study to ensure the
safety and integrity of the precast system.
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The propriety ship of HCPS system has been internationally published by foreign journals and
magazines.
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can kinkan rancangan dan suatu

wensi i berubungan dengan panel dincing pracetak beton benulang (1) yang membentuk elemen strukdural can struklur

kedalaman sejumlah ceruk (3).

yarg menggunakan pendekatan modular. Pada panel (1)
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Precast System — HCPS) subject to seismicity in Malaysia. Recent tremors felt across the
country heeded the call for the need of seismic design guidelines to be implemented. For
this study, the design ground acceleration for Malaysia has not been finalized. Throughout
the years, several schools of thought that occurred among different researchers pertaining
to the value of design ground acceleration, ranging from 0.05g to 0.1 g. The implications
of the selected values can be great especially in designing new buildings or retrofitting
existing ones. Thus, linear analysis using Modal Response Spectrum Analysis (MRSA) and
nonlinear pushover analysis of representative HCPS were performed for this study. The
finite element (FE) model focused particularly on the nonlinear behaviour of the interface
between a precast wall and cast in-situ column. Prior to the modal and pushover analy-

ses, the FE model was validated against quasi-static cyclic test results of identical precast

system obtained from literature. Differences between the MRSA and pushover approaches

are presented and discussed. Performance levels of the structural system were subjected

to three levels of design ground acceleration (0.05, 0.075 and 0.1 g) have been included.

© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The government of Malaysia has been strongly encouraging the use of Industrialized Building System (IBS) in the construc-
tion industry especially for large projects. The precast concrete method and structural steel are the two major components
of IBS. However, the level of acceptance of local contractors in using precast concrete construction is very low [ 15]. This calls
for local precast suppliers to take the initiative to develop their own product lines in order to respond to the call from the
authorities. Among them are the HC Precast System (HCPS), which consists of structural wall panels prefabricated off-site.
The wall panels are joined at site through wet concreting along the vertical joints (Fig. 1). Instead of using conventional tim-
ber formwork for site concreting, the modular mould [15] was invented by the system supplier to improve the reusability
as well as to speed up the construction process.

Fig. 2 shows the force transfer mechanism along the vertical interface between the wall panel and the column. While
vertical force (i.e. design load of the structure) is mainly resisted by the shear keys, resistance against lateral force depends

* Corresponding author at: School of Civil and Environmental Engineering, Nanyang Technological University, Singapore.
E-mail address: patricktiong@ntu.edu.sg (P.L.Y. Tiong).

http://dx.doi.org/10.1016/j.csse.2016.05.001
2214-3998/© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0{).
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Fig. 1. (a) Commonly used joints in HCPS configuration and (b) Reusable modular moulds for wet joint concreting.
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Fig. 2. Configuration of shear keys and dowel bars along interface as well as the internal force transfer mechanism at the connections.

on the dowel bars between the two concrete components. Thus, the two governing damage models of the interface can be
either shear or crushing of concrete at the shear keys, or pullout of dowel bars.

Although severe seismic incidents are rarely reported in Malaysia, the occurrence of far field seismic effects from the
Sumatra earthquakes in recent years has led to awareness by the government to initiate seismic designs in practice. With
such effort, the Institute of Engineers of Malaysia (IEM) formed a Technical Committee (TC) concentrating on the formulation
of seismic design codes suitable for the community of Malaysia based on Eurocode 8 (EC8) [7].

The early development of seismic hazard maps for Malaysia began in the early 2000s. | 1] proposed the deterministic
seismic hazard map for Peninsular and East Malaysia for the first time. Different seismic zonation maps were later proposed
by [12] using probabilistic seismic hazard analysis. The seismic hazard maps that were developed by [1] and [ 12] suggested
design ground acceleration of 0.1g to be used for a return period of 475 years. Fig. 3(a) and (b) shows the seismic hazard
map for Peninsular Malaysia and Borneo respectively. Although these maps have been recommended to the government
of Malaysia and have been used in some of the projects, they have yet to be made the official seismic design guidelines for
the country. There are several extended works carried out by several other researchers over the years [14,3]. [13] proposed
bedrock acceleration of 16.5 and 23.4 gal (1000 gal = 1g) for 10% and 2% probability in 50 years for Kuala Lumpur. The Technical
Committee (TC) of seismic code comprising of mostly practicing engineers regarding the proposed design ground acceleration
is still of concern whether such level of acceleration will cause major changes to current conventional design of structures.
Hence, the TC has proposed 0.05g to be used as the design ground acceleration for normal building structure [8]. Meanwhile,
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2275
a 2
I 3500

3000 [ 8000 I 2000 | \//
(a) (b)

Fig. 4. (a) HCPS-VL1 and (b) HCPS-VLZ and HCPS-VL3.

the Public Works Department of Malaysia (JKR) has taken the average between these two values (0.075g) in the designing
of important structures such as highway bridges and dams [9].

For this study, these design ground accelerations are still considered informal design values since there is no agreement
on a fixed value as the official design parameter for the country. Regardless of the development of EC8 particularly for the
National Annex of Malaysia, the implementation of these European design standards will definitely create an impact to both
existing structures as well as new buildings. Existing buildings need to be checked whether retrofitting is necessary and
new structures have to be designed to resist the lateral loads from seismic ground motion stated in the codes. Therefore,
this paper examines the effect of using these different values of ground acceleration for seismic analysis and design of HCPS
using both pushover and modal analyses using FE model that has been validated against laboratory test results obtained
from literature. In addition, should the system be unable to meet the expected performance under earthquake loading; the
current structural design of the HCPS needs to be reviewed to avoid massive retrofitting works in future,

2. HC precast system (HCPS)

The HCPS is used in the construction of residential housing and commercial shop houses in the country. The system
supplier has limited the market size to only these building structures in order to make it possible for standardization of the
wall panel dimensions. Nevertheless, the length of bays supported by these wall panels may vary from a short (approximately
3 m)toalongspan of 8 m depending on thickness of the precast slab spanning between them as shown in Fig. 4. The structural
configurations chosen for the case study are presented here.
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Table 1
Three different configurations of HCPS with different imposed vertical loads.
HCPS-VL1 HCPS-VL2 HCPS-VL3
Wall type Exterior Interior Interior
Slab length 3.5m 8.0m 8.0m
Nos. of story 2 2 2
Live load 1.5kN/m? 1.5kN/m? 4.0kN/m?
Total weight 265kN 995 kN 1475kN
3500

o BRC A7 mesh
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Fig. 5. Structural configurations of HCPS,

Three types of vertical loading were considered in the seismic analyses. The dead load (DL) was taken from the self-
weight of the structural elements themselves while live load (LL) was obtained from BS 6399-1 [5]. Although the building
codes have been replaced by Eurocode, British Standards are still widely used in the country during the current transition
period. Loading from non-structural element was excluded in the model since it was not included in the quasi-static cyclic
test in the first place [11]. HCPS-VL1 consisted of possible minimum loading that could be imposed on the structure while
HCPS-VL3 comprised the probable maximum loading. The intermediate vertical loading, which represented typical weight
carried by many shop house structural layouts, was denoted by HCPS-VL2. The maximum intensity of distributed load for
LL was taken as 4.0 kN/m? due to the wide range of possibility of commercial shop lot usage while the minimum one was
1.5kN/m2. External wall refers to the perimeter wall (Fig. 4(a)) while the interior wall refers to the middle wall in Fig. 4(b).
The three types of HCPS loading are listed in Table 1. Details of reinforcement and structural configuration of HCPS are
shown in Fig. 5.Concrete grade C30 was used for all concrete elements. The structure was designed according to BS 8110-1
|6] without earthquake loading. However, the notional load due to geometry imperfection was considered in the design by
taking into consideration lateral load of 1.5% storey mass.

In a finite element (FE) analysis, the column was modeled as a frame element with possible plastic hinges at critical
regions as stated in FEMA 356 [10]. Meanwhile, the wall panels were represented by nonlinear shell elements. The most
significant part of the modeling was the interface between wall and column. The shear keys have been represented by
a series of rotational springs fully restrained in all six degree-of-freedoms. Dowel bars were modeled as nonlinear link
elements taking into consideration strength degradation due to pullout. The ultimate anchorage resistance (V},) of dowel
bars was estimated using Eq. (1) [6]. Considering that the castellated joint was unreinforced, ultimate allowable shear stress
of 1.3 MPa as recommended in BS8110-1 was used to determine the shear key resistance. Detail FE model of the entire
interface was complex and is presented briefly when dealing with pushover analysis in this paper. For further reading, refer
to [ 16]. However, validation of the proposed FEM against the hysteresis loops from laboratory test data [11] is shown in
Fig. 6. The proposed FE model shows good agreement with the hysteresis loops obtained from the quasi-static cyclic test.
It should be noted that the nonlinear behaviour is only activated in the pushover analysis. In the linear analysis, the FE
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Fig. 6. Hysteresis loops of HCPS from experimental and numerical modeling.

Table 2
Recommended seismic analysis of structure in EC8.
Linear Nonlinear

Static Equivalent static analysis Pushover analysis
Dynamic Modal response spectrum analysis Time history analysis

Table 3

Mode shape, periodT, and modal participation factorMy of HCPS-VL1, HCPS-VL2 and HCPS-VL3.
Mode (n) HCPS-VL1 HCPS-VL2 HCPS-VL3

Ta (s) Myn Ta (s) Myn Ta (s) My

1 0.069 0.890 0.109 0920 0.162 0920
2 0.028 0.110 0.038 0.079 0.053 0.000
3 0.026 0.000 0.037 0.000 0.050 0.067
4 0.016 0.000 0.021 0.001 0.026 0.004
5 0.012 0.000 0.017 0.000 0.025 0.000
6 0.009 0.000 0.013 0.000 0.017 0.000
7 0.008 0.000 0.012 0.001 0.016 0.002
8 0.006 0.000 0.010 0.000 0.013 0.000
9 0.006 0.000 0.009 0.000 0.012 0.000
10 0.005 0.000 0.008 0.000 0.011 0.000
> Sum 1.000 1.000 0.993

analysis utilized only the initial (linear) stiffness of each element. Initial stiffness of the dowel bar was estimated based on
the deformation data in [4].

Vi = 0.6Fy tanoy (1)

Where F, = anchorage values of reinforcement. and «y = internal friction coefficient

3. Linear analysis

In most seismic analyses using the EC8 approach, a simplified method using linear analysis are permitted to analyze
structure that fulfills certain geometry requirements. There are four main different seismic analysis methods recommended
in the EC8 as listed in Table 2.

Unlike the American codes [2] in which preferences are given to the equivalent static analysis or sometimes termed
as lateral static analysis, EC8 regards the modal response spectrum method as the source of method, The modal response
spectrum method can be used for analysis of buildings without limitation meanwhile the lateral static method requires
certain corrections due to the contribution of effective modal mass for structures of different heights, estimation of structural
fundamental periodT;, etc. Therefore, this study adopted the modal response spectrum method in carrying out the linear
analysis instead of the common equivalent static procedure. Before performing the modal response spectrum analysis, a
modal analysis was carried out to determine the number of mode shape to be included. The modal analysis results of HCPS
are shown in Table 3.

The first two mode shapes for HCPS-VL1, VL2, and VL3 are illustrated in Fig. 7. It was noted that as the vertical load
imposed on HCPS increased, while the relative story displacement of the structure for both first and second mode decreased.
The level of decrease of the second mode was drastic compared to the first mode.
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Fig. 7. First two mode shapes of HCPS from modal analysis.

The numbers of mode shape to be included in the combination of modal responses were taken to be ten (10). Based on
the EC8 criterion, the numbers of N mode need to be considered to ensure that the effective modal mass (Mx). participation
accumulated to more than 90% of the total mass of the structure along the direction of interested seismic actions.

Using modal parameters mentioned in previous paragraphs, t Modal Response Spectrum Analyses (MRSA) were per-
formed for the three HCPS configurations using the Type 1 horizontal response spectrum of the Eurocode 8. Design ground
aation (ng). of 0.05g, 0.075¢g and 0.1g were assigned to the linear horizontal acceleration spectrum (S;). of five different
soil conditions (ranging from hard rock S4 to soft soil Sg ) in the response spectrum analysis. It is worthwhile to mention that
behaviour factor of 1 is used in both the linear MRSA and nonlinear pushover instead of the EC8 proposed value of 1.5. The
rationale behind this is to avoid cracks along the wall-column interface which is difficult to repair. The horizontal elastic
response spectra (Se). for design ground acceleration ag =0.1 g of Peninsular Malaysia are shown in Fig. 8.

Results of peak values of seismic action effect determined from the MRSA have been divided into three groups as follows:

(a) Global effect: base shears,
(b) Local effect: member internal forces, and
(c) Intermediate effect: interstorey drifts.
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Fig. 9. Base shear of HCPS-VL1 for different design ground accelerations and soil classification from MRSA.

Table 4

Dowel reaction of HCPS-VL1 within pullout capacity.
ag(g) Soil Type Dowel Element

Force Ratio Status

0.05 SA 0.723 “N.D.P.
0.05 SB 0.867 N.D.P.
0.05 5C 0.750 N.D.P.
0.05 SD 0.881 N.D.P.

2 N.D.P.=no dowel pullout.

The base shear values obtained for HCPS-VL1 ranged from 15 to 50kN as shown in Fig. 9 for ground excitations from
0.05g, 0.075g to 0.1g in all five soil classifications. These base shear values were all within the linear response of HCPS
since the expected yield point of HCPS was 95 kN (from the quasi-static cyclic test data). From the graphs plotted in Fig. 9,
the distribution pattern of base shear for HCPS-VL1 increased from soil type A to E, when the design ground acceleration
increased. However, under the same peak ground acceleration (PGA) group, the values of lateral base shear between soil
type A and C were close to each other. The same pattern was noted between soil type B and D. The base shear excited at site
containing soil type E marked the highest value within the same level of each PGA group. This was attributed by the fact
that although the peak and shape of the design spectra differed among soil types, similarity occurred within the short period
region between the mentioned soil category. Since the MRSA employed a combination of peak responses of each vibration
mode, obtaining approximate base shear values between different soil types was possible, as HCPS-VL1 happened to be in
the short period region (<Tg) due to low mass-to-stiffness ratio.

Meanwhile, the internal forces within column members and internal stresses of wall panels were all within the force
ratio of 1.0. The force ratio is calculated the ratio between internal force demand (effect) over design capacity (resistance) of
the structural element. In other words, no plastic hinge formation occurred at the column members or crushing of concrete
walls. Nevertheless, the response of dowel forces was interesting. The dowel action was within its maximum pullout capacity
of 13 kN under the four seismic loading cases as listed in Table 4. In other words, any MRSA greater than 0.05g would yield
internal dowel force that require either enlargement of rebar diameter or lengthier anchorage in order to keep the connection
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Fig. 10. Roof displacement of HCPS-VL1 obtained from MRSA.

Table 5

Force ratio of column, wall, and dowel bar for HCPS-VL3 obtained from MRSA.
ay(s) Soil Type Column Element Wall Element Dowel Element

Force Ratio Status Stress Ratio Status Force Ratio Status

0.05 SA <1 Linear 0.003 INCCW 411 bD.P.
0.05 SB <1 Linear 0.004 N.CCw 4.934 D.P.
0.05 5C <1 Linear 0.003 NCow 421 D.P.
0.05 sD <1 Linear 0.004 NCCow 4.943 D.P.
0.05 SE <1 Linear 0.004 NCow 5.756 D.P.
0.075 SA <1 Linear 0.004 NCCow 6.167 D.P.
0.075 SB <1 Linear 0.005 NCCow 7.400 D.P.
0.075 sC <1 Linear 0.004 NCCow 6.317 D.P.
0.075 sD <1 Linear 0.005 NCCow 7415 D.P.
0.075 SE <1 Linear 0.006 N.CCwW 8.634 D.P.
0.1 SA <1 Linear 0.006 N.CCwW 8.223 D.P.
0.1 SB <1 Linear 0.007 NCCwW 9.867 D.P.
0.1 sC <1 Linear 0.006 N.CCwW 8.422 D.p.
0.1 sD <1 Linear 0.007 N.CCw 9.887 D.p.
0.1 SE 1 Overstressed 0.008 N.CCwW 11.512 D.p.

#N.C.C.W.=no crushing of concrete wall, "D.P. = dowel pullout.

intact or rigid. The minimum internal force-over-pullout capacity ratio ranged from 1.1 for a; =0.05 g to 2.1 obtained from
ag =:0.1g, indicating that pullout of dowel bars would occur at the wall-to-column interface.

The results of linear roof displacement are shown in Fig. 10. While these results are deemed valid only for soil condition
class A to D (shaded in grey in the figure) under 0.05g design ground acceleration, the rest of the displacement require
nonlinear analysis since the dowel bars were expected to yield into its local nonlinear force-deformation region due to
pullout. Since MRSA is always in linear mode, the distribution pattern of peak structural displacements of HCPS at roof level
corresponded to the amount of base shear resisted by the structure. In the linear response range according to MRSA analyses,
the peak displacements of HCPS at roof level ranged between 0.13 mm, which corresponded to 0.003% drift to 0.35 mm or
0.07% drift.

In HCPS-VL2 configuration, the internal force demand in column and wall element was within linear limit but similar to
HCPS-VL3 (Table 5) in terms of dowel bar reaction, all analyses revealed large force ratio. The largest force-over-capacity
ratio obtained was 11.5 in HCPS-VL3 under design ground acceleration 0.1g for soil type E.

4. Pushover analysis

A pushover analysis for HCPS-VL1, HCPS-VL2, and HCPS-VL3 was carried out using Single Point Loading (SPL) configura-
tion because it produced the most conservative capacity curve compared to the other Uniform Distributed Loading (UDL),
Modal Distributed Loading (MDL) and Triangular Distributed Loading (TDL) configurations [ 16]. Location of the applied lat-
eral load in the SPL pushover analysis (represented by actuator in the laboratory test setup by [11] is shown in Fig. 11. The
nonlinear pushover analysis revealed that all three HCPS configurations performed within Immediate Occupancy (10) struc-
tural performance level (S-1) according to [10] in all demand spectra given. The pre-standard, FEMA 356 [10] has classified
four discrete structural performance levels for building exposed to seismic force. Immediate Occupancy (10) means that the
building is safe to be occupied after the earthquake in which no structural stiffness and strength degradation have occurred.
However, although the structural response in particular HCPS-VL3 remained within its elastic domain under 0.05 g design
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Fig. 12. Roof displacement demand of HCPS-VL3 from pushover and MRSA.

ground acceleration, the structure was in its over-strength region in agof 0.075g and 0.1 g despite possessing higher vertical
loading close to its ultimate design strength.

In the nonlinear model, the shear key protruded along the height of column was represented by a rotational spring
element with highly rigid moment-rotation behaviour. Next, the dowel action was assumed to be responsible for resisting
all tensile force between the wall and column. A translational nonlinear link was assigned to represent each dowel action.
The maximum anchorage resistance of a dowel bar was estimated using Eq. (1). The plastic behaviour of dowel reaction was
represented by means of the force-deformation relationships based on the bi-linear model. Initial stiffness of the dowel bar
was estimated based on the deformation data in [4]. Considering that upon reaching maximum pullout capacity, the dowel
bar has very minimal residual strength to resist further tensile force; a sudden drop of strength (130 kN/mm) was assigned
as the post-yield stiffness. Another nonlinear link element was also introduced to represent the shear key contact surface or
interface between the precast panel and column members. While this surface would purely be attributed to plain concrete,
the weak tensile strength of the concrete was modeled by hook element and the compressive strength of concrete shear key
included shear failure mechanism of the element.

The estimation of acceleration response, roof displacement demand, and base shear of HCPS-VL1 using both pushover
analysis and MRSA did not reveal significant differences. The major reason is that the structure was still responding within
its elastic domain. However, compared to the pushover analysis for HCPS-VL2 and HCPS-VL3, the MRSA underestimated
seismic displacement demand by almost 50% (Fig. 12) while overestimating the base shear and acceleration response by
45% and 77% respectively. The discrepancy occurred when the structural response was beyond yielding point.

Interestingly, the internal stress demand of structural elements for HCPS obtained between MRSA and pushover analysis
was very different. Comparisons between Tables 5 and 6 indicate that the pushover analysis revealed higher stress demand
within the wall element and column while having lower dowel reaction. As MRSA treated the wall-to-column interface
with higher stiffness compared to the nonlinear dowel reaction allowed in pushover analysis, higher force was concentrated
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Table 6

Force ratio of column, wall and dowel bar for HCPS-VL3 obtained from pushover analysis.
az (g) Soil Type Column Element Wall Element Dowel Element

Force Ratio Status Stress Ratio Status Force Ratio Status

0.05 SA <1 Linear 0.074 IN.CCW 0210 IN.DLP.
0.05 SB <1 Linear 0.074 N.CCwW 0210 N.D.P.
0.05 5C <1 i 0074 N.CCW 0210 N.D.P.
0.05 sD <1 0.074 N.CCW 0210 N.D.P.
0.05 SE <1 0074 N.CCW 0.196 N.D.P.
0.075 SA <1 0074 NCCW 0.196 N.D.P.
0.075 SB <1 0152 NCCW 0.748 *N.D.P.
0.075 sC <1 0152 NCCW 0748 *N.DP,
0.075 sD <1 Linear 0.152 NCCW 0.748 *N.D.P.
0.075 SE 1 Overstressed 0.152 NCCW 0.748 “N.DLP
0.1 SA 1 Overstressed 0122 NCCW 0.208 N.D.P.
0.1 SB <1 Linear 0153 NCCW 0.968 “N.DLP.
0.1 SC <1 Linear 0.152 NCCW 0.748 "N.D.P.
0.1 sD <1 Linear 0153 0.968 “N.DLP.
0.1 SE 125 Overstressed 0.168 0.968 "NDP.

4N.C.C.W.=no crushing of concrete wall, "N.D.P.= no dowel pullout.

within the dowel bars in MRSA. The linear MRSA was observed to over-estimate the dowel force demand exerted by the
seismic action onto HCPS. Although the base shear values between the linear MRSA and nonlinear pushover analyses were
relatively in tandem, the roof acceleration responses between the two differed vastly.

The reason is due the difference of wall-to-column interface mainly the dowel stiffness that was used in these two
analyses. This only occurred when the seismic demand had exceeded those linear capacities of HCPS, such as those occurring
in 0.1g for soil type E. In the linear analysis, the model only took into account the initial stiffness of dowel bar due to
the procedure in linear procedure. The degradation of local joint was unable to be included in the analysis regardless of
occurrence of any yielding. Meanwhile, the nonlinear pushover analysis was able to utilize the true force-deformation
relationship established for the dowel action due to pullout, and failure in shear key elements. These local nonlinear effects
caused additional energy dissipation of the HCPS and thus leading to a less stiff structure compared to the linear model. As
a result, the roof acceleration responses became lower than the linear analyses. The same theory applies to the estimation
regarding displacement.

5. Conclusion

MRSA and pushover analysis of the three vertical loading configurations of HCPS under Malaysia earthquake conditions
were performed using response spectrum developed by [ 1] for the country. The study shows that MRSA overestimated the
dowel reaction in HCPS due to the nature of analysis that combined all internal forces within the link elements in positive
values, This treated all forces in tension acting along the dowel bars. Hence, dowel pullout was observed from MRSA even
at very small design ag (as low as 0.05g in soil classification class E).

The pushover analysis revealed that regardless of the level of design ground acceleration used, HCPS-VL1, HCPS-VL2 and
HCPS-VL3 remained within Immediate Occupancy (10) structural performance level according to [10]. Thus, retrofitting of
completed buildings within the vertical loading used in this study is not required when the EC8 is to be implemented in
Malaysia in the near future. However, further assessment is required if the structural configuration differs vastly from the
one used in this study or when the geometrical aspects do not meet the requirements of EC8. In addition, the out-of-plane
resistance and behaviour of the wall panel may be further investigated.
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Abstract. This paper investigated the seismic behaviour of an innovated non-ductile precast concrete wall
structural system; namely HC Precast System (HCPS). The system comprises load-bearing precast wall
panels merely connected only to column at both ends. Such study is needed because there is limited research
information available in design codes for such structure particularly in regions having low to moderate
seismicity threats. Experimentally calibrated numerical model of the wall system was used to carry out
nonlinear pushover analyses with various types of lateral loading patterns. Effects of laterally applied single
point load (SPL), uniformly distributed load (UDL), modal distributed load (MDL) and triangular distributed
load (TDL) onto global behaviour of HCPS were identified. Discussion was focused on structural
performance such as ductility, deformability, and effective stiffness of the wall system. Thus, a new method
for engineers to estimate the nonlinear deformation of HCPS through linear analysis was proposed.

Keywords: low ductility; displacement factor; seismic; precast concrete wall; pushover

1. Introduction

Benefits demonstrated by precast concrete building technique over the conventional cast in-situ
method have been long proven in many large constructions over the world. This is clearly revealed
by the widely applicable seismic design provisions for precast structures such as those contained in
International Building Codes (International Code Council 2009) and Eurocode 8 (CEN 1998).
Although the advancement of precast concrete industries is highly demonstrated among developed
nations such as the United States and most of the European countries, its implementation among
developing countries is reportedly low. Despite strong encouragement of local governments such
as those of Malaysia, the level of acceptance of the precast technology is still reportedly low
(Haron et al. 2005, Hassim et al. 2009).

Hence, it has become important for the private industry to initiate relevant researches onto
prospective precast system that best suits the needs of local industry. Among them is the HC
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Fig. 2 Panels of HC precast wall system

of wall panel was calculated from the difference between the stresses at upper storey and lower
storey of the wall level in consideration. The margin of shear stress (or the residual shear stress)
was then resisted by the shear keys along the vertical interface. Such approach clearly, assumed
that these shear stresses which occurred along the vertical interface between walls were perfectly
perpendicular to the direction of lateral loading. In other words, these shear keys were under direct
shear demand despite the direction of lateral loading might not always be constant.

Raths (1977) and Christiansen (1973) presented step-by-step analysis and design of precast
concrete load-bearing wall panels for high-rise construction in Georgia (Seismic Zone 1). The
structural system for the building consisted of precast bearing wall fagade in the exterior and also
interior precast frame elements. The lateral loads were then, assumed to be resisted by both the
frame and load-bearing wall systems, separately. The natural period of the designed building was
obtained by empirical formula, and seismic design force was determined using the equivalent
static force method based on the Uniform Building Code (UBC). The load-bearing walls were
treated as overlapping strut with stubs elements. The interfaces between wall-to-wall and also
wall-to-frame were all assumed to be perfectly rigid. At vertical interface between adjacent wall
panels, interface release was carried out to allow only vertical shear stress transfer along the wall
height. Such analytical method once again ruled out the possibility of any other force demand
occurring at these interface locations due to seismic force. Nevertheless, this was the best effort for
analysis to be possible during then. Only two types of shear stresses were considered to occur
within the building. First were the horizontal shear stresses which took place at each storey level.
And secondly, the vertical shear stress due to flexural behaviour (bending caused tension and
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PRECAST CONCRETE ELEMENTS

HC Precast System Sdn. Bhd., 41200 Klang, Selangor Darul Ehsan, Malaysia

Improved Discrete Precast Concrete Wall Panels
and Modular Moulds for Wet Joints in Malaysia

Despite the long history of precast concrete construction, the level of acceptance of the precast wall panel system in Malaysia is still consi-
derably low. One of the reasons is the impediment of dry connection usage due to the humid and wet tropical climate throughout the whole
year season. As a result, wet joint is the remaining choice for the country. Contemporarily, most precast concrete manufacturers in the nation
are still resorting to conventional timber-made formwork when it comes to temporary strutting works and formworks for joints concreting.

This article discusses p faced by the industry in Malaysia that currently lead to lower precast concrete utilization
throughout the country. Next, an innovated modular formwork which can be easily assembled and dismantled for in-situ concreting purpose
to be used with precast concrete wall panels is presented. The main objective of the paper is to introduce a more comprehensive ‘precast
concrete construction system’ for wet jointed precast works particularly among most developing countries in the South East Asia region to
improve the current ‘precast concrete components’ construction sequence. It is worth to mention that this article is written from the

of the Malaysi industry.

| Paick Tiong Liq Yee, Professor Dr Azion Adnan,
Universiti Teknologi Maloysia;

Fodzil Ahmod, HC Precast System Sdn. Bhd. m
Besides wet weather condition that
impedes usage of dry joint, another set-
back is caused by lacking of good interac-
tion between the M & E (mechanical and
electrical) system provider and the precast
manufacturer. In conventional brickworks
construction method, the M & E conduits
are finalized on site after the concrete
skeletal frame is completed. Using of pre-
cast panel construction requires the M & E
layout to be confirmed right before the fab-
rication of the precast panels. Conse-
quently, the traditional masonry infill panels
are still widely preferred by the nation’s

building industry.

Higher construction cost faced in utilizing
precast concrete components has wors-
ened the matter. Since precast method is a
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Fig. 2: Modular moulds for wet joints
relatively new construction trend among the

nation, the end products are often sold at
higher price in order to level out with the ini-

:_T

Fig. 1: Cantilever (left) and discrete precast wall panel (right)

CPI - Concrete Plant Intarnational ~ 6 12011

tial investment capital. Besides that, regu-
larly requirement for product customization
which still hinders efficient mass production
in Malaysia also contributes to an expen-
sive precast system in this region. Unless the
precast construction system can really
demonstrate strong benefits compared to
the existing cast in-situ method, its growth
will not be too promising among local
builders.

The cantilever precast wall (Figure 1-a) is a
type of wet jointed precast wall structure
which required considerably large amount
of cast insifu concrete and steel works. In
order fo enhance the applicability of pre-
cast panel in the country, the company (HC
Precast System Sdn. Bhd.) innovated a new
precast wall panel system by improving
some characteristics of the typical can-
tilever wall system. Major modifications
include the development of column-wall
interaction through protruding dowel bars

wnw.cpi-warkdwide.com
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Universiti Teknologi Molaysio, whose main research area includes seismic performance of precast concrete struc-
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system owners. He holds a Diploma in Quantity Surveying from Universiti Teknologi Malaysia and also o Moster
Degree in Business Administration (MBA) from Keele University, United Kingdom. His biggest vision is fo promote
and enhance owareness of the construction industry regarding precast concrete ufilization.

and shear keys alongside the wall vertical-
ly, as well as discontinuity of the wall panel
in the horizontal direction. The new system
(Figure 1-b) is tested and evaluated, and
some improvements to the precast technol-
ogy are presented in this article.

The precast panel acts as beam and wall at
the same time. It carries the loading from
the slab and transfers the force to the con-
necting columns through the shear keys ele-
ment. The wall panel is designed only to
carry vertical gravity load, with only mesh
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Fig. 3: Example of ‘+' shaped modular mould and installation
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Fig. 5: Waterproofing test. Top floor with water (left). Bottom floor withour leakage (right)

reinforcements provided within the panel.
However, laboratory test of the new system
under lateral cyclic load reveals that the
plain panel has increased the lateral
capacity of the column by nearly 300%,
compared to beam-column frame structure.
On 18th August 2011, a double storey one-
third smaller scale model of the system
which comprises precast panels and half-
slab was tested for earthquake resistance
for 8 series of seismic ground accelerations.
Earthquake records from New Zealand,
Turkey, Iran, Italy, Taiwan, Japan, Califor-
nia, and artificial generated time history for
Malaysia were among the selected ground
motfion records. The smaller scale precast
model remained in the elastic region
throughout the fest, with no visible cracks
occurred.

Precast wall panel construction of typical
residential houses requires ot least 4 types
of vertical wet joints, as shown in Figure 2
to connect the wall panels together in the

while the ' connects two side-by-side pan-
els. The T’ joint is required when 3 adjo-
cent walls are connected and the '+
shaped connection is used at cross joint
between 4 panels. These wet joints require
sufficient formwork or mould for in-situ con-
crefe casting. A series of modular moulds
which is not only reusable, but also easily
assembled, dismantled and even adjust-
able to any required sizing fo act as tem-
porary formwork for the concrefing work is
also invented (Figure 2 and Figure 3) by the
company. The patented modular moulds
enhance faster erection procedures of the
precast wall system. Through prefixed holes
alongside the precast wall panels vertically,
the moulds are easily tightened in position
by o specifically engineered interlocking
mechanism.

Small voids within the wall panels for
mechanical and electrical system conduits
are easily prefabricated due to the relative-
ly lesser amount of reinforcement within the

vertical direction. The ‘L’ shaped
joints two perpendicular walls together,

CPI - Concrete Prant Intermational ~ 6 | 2011

panel. C ly, the need of customiz-
ing the panel design to suit the M & E is

PRECAST CONCRETE ELEMENTS

avoided. With the layout of servicing lines
readily proposed by the precaster, the final-
izing works for M & E consultants become
much easier and faster.

The system decreases the need of beam
elements. The wet joint construction of pre-
cast concrete often requires a proper water-
proof sealant or technique. This proposed
wall panel come with double grooving lines
along every edge (Figure 4). The groove
lines are expected to develop better bond-
ing between the precast panel and insitu
concrete, thus making it harder for water to
penetrate through the bonding surface. The
system has been put to test by exposing to
outdoor weather for 4 years (Figure 5). The
result indicates that the groove lines prevent
effectively any water leakage possibility.
These groove lines are created at the wall
panel casting yard by utilizing particularly
engineered moulds.

The proposed precast wall panel system
has been successfully used together with
the modular moulds in the construction of
more than a thousand units of single and
double-st ial housing buildi
and also for a S-storey commercial shop
project. The proposed modular moulds
serve as fast assembling and dismantling
supporting formwork for wet joint concret-
ing. The ability for recycling usage lowers
formwork costs. The wall panel system
increases the lateral load carrying capacity
of the supporting columns almost by the fac-
tor three.

The future of construction industry is relying
on the current development of building
techniques. Lesser material wastage, short-
er construction time and lower labors’
requirements are some of the benefits
d d by precast construc-
tion. This directly leads to sustainable and
greener building method. It is hoped this
article will improve further the practicality
and application of wet jointed precast con-
struction technique among fellow precast-
ers in the South East Asia region. |

I FURTHER INFORMATION
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HC Precast System Sdn. Bhd. (586697-M)
MNo.23, Jalon Seri Sarawak 208/KS2
Toman Seri Andalas, 41200 Klong
Selongor Darul Ehson, Molaysia
T+60 33323 3993
F+60 3 3324 3993
enquiry@hcprecast.com.my
www.heprecast.com.my
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Ductility Factor of RC Building Frames with
Different Infill Wall Configurations under Low
Intensity Far Field Earthquake Effects

A.Adnan, PhD, P.L.Y. Tiong, PhD Student, A.B.A. Rahman, PhD, A K. Mirasa, PhD, N.H A.Hamid, PhD
Engineering Seismology & Earthquake Engineering Research, Universiti Teknologi Malaysia, Skudai
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Shake Table Test of 1:3 Scaled
HCPS Precast Wall System
Journal by
Nanyang Technical University

Shake table test of 1:3 scaled HCPS precast concrete wall system

A. Adnan

Universiti Teknologi Malaysia, Malaysia

P.L.Y. Tiong
Nanyang Technological University, Singapore

ABSTRACT: (10 pt)

Shake table test is probably one of the most preferred methods in dynamic testing of structures in earthquake
engineering. However, due to the constraints imposed by size and payload limitation of the shake table f;
the test models are often smaller than their prototype structures. Although existing similitude theory allows for
proper scaling of test models, it is sometimes impossible to strictly follow every single detail when it comes to
practicality in construction of the scaled-down models. This paper investigates the shake table test characteristic
of a distorted 1:3, two-storey precast concrete wall structure subjected to eight ground motion records covering
both far-and-near field earthquakes. Verified FE models of the test structure were used to compare with the
full-scale prototype building using the same group of earthquake records. This study revealed significance
agreement between the distorted scaled-down model and prototype building marginal difference below 20 %.

Keywords: shake table test, precast wall, scale down, distorted model

1. INTRODUCTION

In earthquake engineering, one of the most important branches is shake table testing to investigate the
dynamic behaviour of interested structures using earthquake records. Due to the limitations of shake
table facility such as restraint in payload, or restriction of lab access and space constraint, the test
structures need to be scaled down in most of the times. Scaling down of test model is not something
new (Saito, 2008; Sunaryati, 2008 and Tiong, 2014). It can be done using the similitude theory derived
from Buckingham theorem (Dove and Bernett, 1986). Nevertheless, it is almost impossible to
appropriately assign the exact scaling factor in all aspects of the structural as well as dynamic
components of the test model which will be presented in this paper. Hence, this study investigated the
shake table test of a 1:3 scale precast wall building system invented and patented by a local precast
manufacturer in Malaysia, namely HC Precast System Private Limited. The system is in line with the
effort of Malaysian government to promote and enhance the usage of Industrialized Building System
throughout the country to replace the existing conventional cast in-situ method. In addition to the
shake table test, this study also compared the performance of the 1:3 scale test specimen to the FE
analysis result of actual size prototype structure with the same structural configuration.

2. PROTOTYPE MODEL

Prototype model of the two-storey precast wall building, namely the HCPS-P is shown in Figure 1.1.
The two-storey structure was made of two structural precast wall panels on both sides at each floor,
connected by two cast in-situ concrete beams between the panels. These walls and beams supported
concrete slab on top of them only in the middle storey. The total weight of HCPS-P was around 27
tons, with the dimension spanning at 3.5 m along wall side, 3 m in the opposite direction and a total of
5 m in height.




Figure 1.1. Full scale HCPS model for lateral cyclic loading test (Tiong ez al, 2013)

The structure was designed in accordance to British Standards BS8110:1997-Part 1 (British Standards
Institution, 1997), without any seismic loading. Therefore, the HCPS was only designed for normal
gravity loading. After all, constructing a properly seismically designed structure in Malaysia will only
aggravate the level of acceptance of IBS in Malaysia, which is already low (Hassim et al, 2009).
Structural detailing of the can be found in Figure 1.2 and Table 1.1.
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Figure 1.2. Structural detailing of HCPS test model (Tiong et al, 2013)




Table 1.1. Structural details of the full scale HCPS test model (Tiong et a/, 2013)

Element Section (mm) Longitudinal Rebar (mm) Shear Link (mm)
Wall (upper storey) 150 (0 % 3333 (W) x 1975 2 layers of BRC A7 Not provided
Column (upper storey) | 300 (t) x 300 (w) x 1975 (h) 8T16 2R8-100 cle
> =
Beam (upper storey) | 150 (1) x 450 (d) x 3000 (1) 5”; EB R8-150 clc
Wall (lower storey) 150 (1) x 3333 (w) % 2825 2 layers of BRC A7 Not provided
Column (lower storey) | 300 (t) x 300 (w) x 2825 (h) 8T16 2R8-100 c/ec
2TI2(T) .
Beam (lower storey) 150 (1) x 300 (d) x 3000 (1) 2112 (B) R8-150 cle
Concrete Compressive strength = 30 N/mm”

3. 1:3 SCALED TEST SPECIMEN

Shake table test of the structure was performed at the Laboratory of Structures and Materials, Faculty
of Civil Engineering of Universiti Teknologi Malaysia. It is one of the pioneer tests of its kind to be
performed in the country. The term test specimen is used throughout the paper to represent
scaled-down test model to avoid confusion with the full-size prototype test model. In order to emulate
the actual precast construction quality and sequence of erection, these test specimens were produced at
the precast manufacturing plant of HC Precast System Sdn. Bhd., located in Hulu Selangor, Malaysia.
Two limitations imposed by the shake table facility and laboratory access had called for the need to
scale down the specimen (see Table 3.1).

Table 3.1, Physical and performance limitation of shake table facility

No. Parameter Actual Maximum Allowable Remarks
1 Size 3x3.5x5m 1.3x1.3x35m Scaling required
2 Weight 27,000 kg 1,000 kg Scaling required

Dove and Bernett (1986) have developed series of scaling laws for structural responses under dynamic
excitations. For reinforced concrete structures, scaling of material properties, included in constitutive
similitude is not preferred. Therefore, the strength of concrete for the shake table specimen had to
remain the same as those used for the quasi-static testing prototype. Scaling factors developed based
on geometrical similitude factor (Ny) for mass (Ny), ground input acceleration (N,). time domain
(Ny), force (Np), and constitutive material property (Ng) are listed in Table 3.2.

Table 3.2, Proposed scale factors for three different options (Dove and Bernett, 1986)

Scale Factors
Case No. | Ny Na Np Ne Ne
1 Ny' Ny Ny Ny’ [
2 Nyt 1 Ny™ Ny’ 1
3 Ny'/Q Q NW/Q)"* Ny’ I

Scaling law according to Case 1 fulfils the replica dynamic structural response law. A scaled-down
model is said to be in replica mode when it achieves exact similarity in every senses of dynamic,
materials and geometrical properties as the prototype, except scaled in size only. Although such
scaling is reported by the authors to have caused distortion for tall structures, such distortions were
negligible for short, stiff and strong structures. The only drawback is that the ground acceleration input
has to be scaled inversely with the geometry scaling factor. In other words, the acceleration induced by
shake table has to be increased to compensate for the modal’s mass reduction.

Case 2 allows relatively lower ground acceleration input demand, thus requiring less force from shake
table as compared to Case 1. Nevertheless, to balance out the lower ground acceleration, heavier mass
is required. This should be achieved through either lumping additional mass onto the structure or




choosing a material that is denser, but keeping the constitutive property. The latter is almost
impossible to be fulfilled and impractical for small models. Lumping of additional mass does not truly
represent the replica model compared to Case 1, due to the distortion of centre of gravity and stress
distribution is changed. As a result, Case 3 is a compromise between the first two cases. Lumping of
mass is still required, but lesser than Case 2 while lowering the demand of ground acceleration input
than Case 1.

By examining each case closely, Case 1 scale factors were adopted in this study, since it represents the
closest replica model to prototype structure. Both Case 2 and 3 were singled out because they were
unable to produce the total mass of test model to be within the shake table’s limitation weight capacity
of 1,000 kg (1 ton). Listed in Table 3.3 are the scale factors for each dimensional element in scaling
down the prototype structure in this study to construct the shake table test specimen. Due to the main
concern was the limitation of mass, a geometrical scale factor NH of 3 was chosen to keep the total
mass below 1000 kg. Thus, a scaling factor of 3 was selected to allow for possible downsizing of the
prototype structure to testable size and weight by the shake table. The designed precast wall panels
and column members for test specimens were as thin as only 50 mm in thickness. Such thin
requirement in thickness of concrete element posed very high risk of honeycomb formation during
concrete casting due to the presence of coarse aggregates. To compensate such unpleasant incident, the
total specimen numbers were increased, Structural detailing of the one-third specimen is listed in
Table 3.4.

Table 3.3. Scaling factors used in producing the shake table test specimen in this study

Parameter Scaling factor
Mass 27
Acceleration 1/3
Time 3
Force 9
Material 1
Width (or Length) 3
Area 9

Table 3.4, Structural details of the 1:3 shake table testing specimen

Element Section (mm) Longitudinal Rebar (mm) Shear Link (mm)
Wall (upper storey) 50 (t) x 800 (w) x 575 (h) Z layers "2&‘:5 AT (mild Not provided
Column (upper storey) 100 (1 x I(C}»]O) (w) x 600 4R6 R4-70 c/c
) 2R6(T) . ,
Beam (upper storey) 30 (t)x 130 (d) x 1000 (I) 2R6 (B) R4-60 c/c
Wall (lower storey) | 50 (1) x 800 (w) x 875 (h) | 2 layers "t;ﬁ';()‘ AT (mild Not provided
Column (lower storey) 100 (1 x Igf; (w) x 600 4R6 R4-70 c/c
) i 2R6(T) ]
Beam (lower storey) 50 (1) x 100 (d) x 1000 (1) 3R6 (B) R4-60 c/c
Concrete Compressive strength = 30 N/mm~

4. SHAKE TABLE TEST

Laboratory setup can be found in Figure 4.1. Channel 1 served as the reference acceleration
acquisition. Connecting this channel to the shake table itself was the Dytran accelerometer model
3165A, which had very high sensitivity of 1000 mV/G. The accelerometers used for channel 2 and 3
were both Dytran model 3100M 14, having sensitivity of 100 mV/G. Meanwhile, channel 4 was the
Kistler K-Shear accelerometer.




Accelerometers
Channel 1: table
Channel 2: roof
Channel 3: middle
Channel 4: base

Strain gauges
Channel 1 and 2

LVDT

Channel 1: roof
Channel 2: middle
Channel 3: base

Figure 4.1. Installed sensors for data acquisition of the shake table testing of HCPS

Seven time histories were obtained from the database of Pacific Earthquake Engineering Research
(PEER) as listed in Table 4.1. In addition to the seven real earthquake records, synthetic time history
for Malaysia was added to the test. These time histories were selected to represent a broad category of
soil condition, earthquake magnitude, and distance from epicentre to recoding station. Last but not
least, the types of fault mechanism causing the earthquakes were also one of the determining factors.

Table 4.1. Detail of selected time histories for shake table test

Earthquake Year Station P%c]a\]eé) Fault type | Soil Type D:skt;n)ce
El Centro 1940 117 El Centro #9 0.96 SS (& 6.1
Tabas 1978 71 Ferdows 0.114 RV C 91
Irpinia 1980 Bagnoli Irpino 0.606 N A 8.2
Kobe 1995 0 Kakogawa 1.035 SS C 22.5
New Zealand 1987 Matahina Dam 0.165 N B 16.1
Taiwan SMART1 1983 28 SMART1 MO1 0.117 RV & 274
Duzce 1999 Ambarli 0.075 SS D 189
Malaysia Artificial - - 0.606 - A 400

Note: SS = strike slip fault; N = normal fault; RV = reverse fault

5. RESULTS AND DISCUSSION

The experimental results observed were roof acceleration and displacement responses of the 1:3 HCPS
model through installed accelerometer and LVDT. Results of the strain gauges were excluded from
this paper as the test specimen of HCPS remained within its elastic response in all the shake table tests




which caused no significant reading recorded from the strain gauges installed.

Table 5.1 shows the summarized peak ground acceleration observed at the base of HCPS and the peak
roof acceleration response. It was observed that amplification of ground acceleration occurred in all
excitations except for Tabas earthquake in which the roof acceleration was 17 % lesser than peak
ground acceleration. In all remaining seven time histories, ground amplification up to 2.4 times was
abserved in El Centro ground motion. The amplification of acceleration occurred because of the
vibrating characteristic of the structure (HCPS) due to angular frequency.

Table 5.1. Laboratory observed acceleration response at base and roof of HCPS

Base acceleration Roof acceleration Amplification
Ground motion
(8 (2) -

El Centro 0.67 1.61 2.40
Irpinia 0.56 0.65 1.16
Malaysia 0.51 0.60 1.18
Kobe 0.64 0.72 1.12
Tabas 0.43 0.36 0.83
Duzce 0.71 0.77 1.09
New Zealand 0.24 0.32 1.34
Taiwan SMARTI 0.24 0.31 1.29

Table 5.2 shows the drift ratio observed from the shake table study. Interstory drift values of 0.01 %
(minimum) and 0.16 % (maximum) were noted in Duzce and Kobe earthquake respectively. The roof
drift was insignificant as the structure is considerably very rigid in its lateral direction.

Table 5.2.Laboratory observed displacement response at base and roof of HCPS

Base displacement Roof displacement Drift
Ground motion (o) {mm) )
El Centro 25.30 26.68 0.08
Irpinia 4.33 5.8 0.05
Malaysia 14.85 17.28 0.15
Kobe 14.88 17.57 0.16
Tabas 9.75 8.80 0.06
Duzce 10.36 10.52 0.01
New Zealand 3.60 5.18 0.09
Taiwan SMART1 3.65 4.44 0.05

Comparisons between the roof acceleration response and drift between the specimen and FE models of
the prototype structure can be found in Figures 5.1 and 5.2 respectively.
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Figure 5.1. Comparison between specimen and prototype in terms of roof acceleration response
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Figure 5.2. Comparison between specimen and prototype in terms of roof drift response

In general, the structural performance between both specimen and prototype structures were found to
be in good agreement with each other in most of the earthquake excitations. Discrepancy was observed
in Kobe earthquake records because the large acceleration force exceeding 1.0 g that was required in
the shake table test was unable to be met by the shake table due to the relatively heavier weight of the
HCPS specimen. Performance of the shake table degraded as the payload increased. Hence, the
comparisons between the results were biased since the benchmark was obviously different.

6. CONCLUSION

In this study, shake table test of 1:3 scaled HCPS specimen was successfully designed and tested using
seven real earthquake records and one synthetic time history of Malaysia. It was revealed in this study
that despite showing some discrepancy in very large ground acceleration that fell beyond the capacity
of the shake table, the scaled-down specimen was able to demonstrate rather reliable performance
compared to the FE models of the full size prototype.
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