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Experimental and Analytical Assessment of the Flexural Behaviour of
Cantilevered RC Walls Subjected to Impact Actions

Arnold C.Y. Yong?, Nelson T.K. Lam?, Scott J. Menegon?® and Emad F. Gad*

Abstract

Reinforced concrete (RC) impact-resistance barriers, such as rockfall barriers, often consist of
a cantilever RC wall, which is expected to experience flexural bending under impact loading
to resist the associated design actions. In order to investigate the flexural response behaviour
of an RC cantilever wall, a large-scale experiment was carried out on a fixed base RC
cantilevered barrier wall measured 1.5 m in height, 3 m in length and 0.23 m in thickness. Two
“torpedo” shaped steel impactors with mass of 280 kg and 435 kg were released from controlled
heights ranging from 0.2 m to 1.4 m in pendulum style to strike the top of the wall. The first
half of this paper presents an overview, findings and results of this large-scale, original
experimental work. The second half of the paper presents a displacement-based analytical
model, which can be used to assess and determine important design parameters for cantilever
RC barrier walls of this nature; including, deflection demand and material strains. Systematic
comparisons of the experimental results and the proposed analytical model demonstrate the
accuracy and reliability of the proposed model for assessing cantilevered RC barrier walls

subject to impact actions.
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1 Introduction

Impact actions need to be considered in the design of reinforced concrete (RC) rockfall barriers,
which are exposed to actions of landslide debris and boulder impact. As shown in field
measurements, the amplitude of transient forces generated by the impact of boulders can be
several orders of magnitude higher than forces that are associated with fluid pressure generated
by debris flow (Hu et al. 2006, Hu et al. 2011, Zhang 1993). The cantilevered wall component
of a RC barrier is commonly designed in accordance with force-based approaches (e.g.
American Association of State Highway and Transportation Officials (2012), ASTRA (2008),
Austroads (2013), Japan Road Association (2000), Kwan (2012), Standards Australia (2004)),
which involve applying a pre-determined quasi-static force on the targeted structure. In reality,
the impact force developed at the point of contact between the boulder and the surface of the
concrete is usually of very high intensity but lasts only for a very short duration, unlike the
quasi-static force to be used in design (Perera et al. 2016, 2017, Sun et al. 2014). If the highly
transient contact force is to be simulated, the inertial resistance developed in the target (i.e. the
concrete barrier) must also be simulated in order to accurately predict the resulting flexural
response behaviour of the cantilevered RC wall. An alternative approach to the design of an
impact resistant barrier is to employ the equal energy approach; wherein the amount of energy
delivered by the impactor is equated to the energy of absorption of the wall, which is associated
with the bending of the cantilevered wall (Eurocode 1 2008, Jiang et al. 2004). This equal
energy approach may over-state the flexural action if mitigating effects such as dissipation of
energy on impact and inertial resistance generated from within the wall have not been
accounted for. Both force-based and equal energy approaches as described can result in an

overly-conservative design of the RC barrier (Kishi et al. 2009, Lam et al. 2018a).
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In view of the shortcomings of existing guidelines for design and analysis, a displacement-
based (DB) procedure has been developed as an alternative method of assessing impact actions.
Undertaking major repair work on a failed barrier which is adjacent to a highway, or a train
track, can be very disruptive and hence costly. The proposed assessment procedure is therefore
based on pre-yield conditions of the RC wall with a view to limit the amount of repair work
following an impact incident. The DB method is aimed at making accurate predictions of the
displacement demand of the impacted wall in pre-yield conditions. The proposed model has
previously been validated using small-scale experimental testing, which involved dropping a
small impactor object onto a mild steel bar or a wooden joist (e.g. Ali et al. (2014), Lam and
Gad (2016), Lam et al. (2018b), Yang et al. (2012)). This paper will present an experimental
validation of the proposed DB model using a large-scale RC wall test specimen. The
experimental validation of the proposed algebraic expression for predicting the displacement

demand of the impact is an achievement of high practical significance.

Apart from considerations of flexural failure of the impacted wall, risks of failure by punching
(shear) or by other phenomena localised around the point of contact also requires assessment,
and much depends on the nature of the impact. Assessment of risks associated with these
localised phenomena deserves separate treatment and is outside the scope of considerations of
the article. Some relevant experimental investigations were carried out and reported by authors
such as Dancygier et al. (2007), Heckotter and Vepséa (2015), Kojima (1991), Zhang et al.
(2005). These experiments normally involved the use of gas gun or gun powder to fire the
impactor. Such setup allows much higher impact velocity as compared to the drop hammer
setup or pendulum setup used in this paper. However, the impactor mass is limited to the
capacity and operation range of the gas gun/power gun. Studies focused on the localised impact
response behaviour of concrete are low impactor mass and high impact velocity in nature, as
opposed to the studies on global behaviour (e.g. this paper) which involve the use of much

3
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heavier impactor at a lower impact velocity. An experimental work on low velocity penetration
has been reported by Tamagna and Riera (1993). Based on the test results, empirical and semi-
empirical formula have been developed which relate contact force (or stress) to penetration
depth (Tamagna and Riera 1998), and the relationship was to found to be affected by both the

impactor material and contact surface.

Experimental investigations of different scales have been carried out over the years to better
understand the behaviour of RC structures to impact actions. Many of these tests made use of
a simply-supported beam (Fujikake et al. 2009, Kishi and Bhatti 2010, Tachibana et al. 2010,
Zhan et al. 2015) or a RC slab (Chen and May 2009, Hummeltenberg et al. 2011, Mougin et
al. 2005, Othman and Marzouk 2016, Zineddin and Krauthammer 2007) as the targeted
specimen. These tests were typified by the use of a drop hammer, or the like, and hence not
ideal for validating an analytical model for simulating, say, the horizontal impact of a boulder
on a rockfall barrier. Some studies involved large scale horizontal impact testings in the field
but little instrumental data were captured (Ahmed et al. 2013, Aminata et al. 2008, El-
Salakawy et al. 2002, Ng et al. 2016), since the level of instrumentation can be compromised
by the scale of the experiment. Much of the tests reported in literature did not take direct
measurement of the bending action of the wall in the form of material strains (e.g. neither data
on displacement nor material strains were captured in tests carried out by Su et al. (2015)).
Currently, the literature on the design of barriers to impact actions has no experimentally
validated provisions for determining the tensile stresses and strains on the longitudinal

reinforcement for resisting bending actions.

The DB model to be introduced in this article for predicting the displacement demand of the
impact considers inertial effects as well as energy losses occurring on impact, and has been

shown to provide accurate estimates of the maximum deflection of a target when subjected to
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the impact of a moving object up to the limit of yield of the target. The predictive expression
has been validated by a 1.5 m tall and 3 m long fixed base RC barrier which was well-
instrumented to take measurements of the deflection of the wall and the tensile strains of the
longitudinal reinforcements along the length of the wall. A pendulum device that was fitted
with a torpedo-shaped solid steel impactor was used to deliver horizontal impact to the top of
the cantilevered wall. The experimental investigation was scoped to cover pre-yield conditions
of the wall. Details of the specimen, impactors, instrumentation, experimental set up and
procedures will be described in this paper followed by a summary of the results from the impact
tests. The second half of the paper presents the derivation and use of expressions for predicting
maximum displacement of the cantilevered RC walls subjected to impact actions. The

expressions can also be used to determine maximum tensile strain of the vertical reinforcement.

2 Experimental Impact Testing of RC Wall
2.1 General Set Up

The RC barrier specimen had a cantilevered wall with dimensions of 1.5 m tall, 3 m long and
0.23 m thick. The wall was cast on top of a wall footing of 0.5 m thick and 1.23 m wide, as
shown in Figure 1 (a). Standard strength grade N40 concrete to AS 1379 (Standards Australia
2007), which had a minimum characteristic compressive strength of 40 MPa (based on 28 days
of standard curing), was used to construct the specimen. The concrete mix had standard density
of 2400 kg/m® and maximum aggregate size of 20 mm. Compression tests were carried out on
six concrete cylinders during the time the impact tests were carried out and the in-situ concrete

strength was found to be 47 MPa.

Grade D500N reinforcing steel bars to AS/NZS 4671 (Standards Australia and Standards New
Zealand 2001) were used as vertical and horizontal reinforcement in the wall, as well as in the

wall footing, as shown in Figure 1 (b). The minimum characteristic yield strength and the strain

5
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hardening ratio of these reinforcing bars were 500 MPa and 1.08 respectively. N20 (i.e. grade
D500N with nominal diameter of 20 mm) bars at 200 mm spacing were used for both the
vertical and horizontal reinforcement in the wall. There were 15 tensile bars and 15
compressive bars in total. Similar reinforcement arrangement was used for the wall footing to
ensure that the cantilevered wall was fixed rigidly to the foundation which was in turn held
down onto the strong floor of the laboratory. Tensile tests were carried out on six bar samples
to obtain the in-situ material properties of the reinforcement, which was as follows: yield stress
of 543 MPa; 636 MPa; strain hardening ratio of 1.17; ultimate strain of 9.6%; and elastic
modulus of 194,000 MPa. Concrete cover of 30 mm was specified. The wall had a
reinforcement ratio of more than 0.8% for grade N40 concrete, which ensured that the concrete

would experience a well distributed crack pattern when subject to flexural actions (Menegon

et al. 2018).
s 4&‘;
IF N20-200
o
=
% 500
AR |
H——— g
2 [ |
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Figure 1 Reinforced concrete specimen: (a) 3D drawing, (b) wall dimensions reinforcement
details (units of length in mm)
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Two impactors made of solid steel with density of 7850 kg/m?® were used to strike the RC
barrier wall specimen. Solid steel “torpedo” shaped objects (with a hemispherical surface at
the point of contact) were employed as impactor objects in order that the impact tests are both
repeatable and reproducible. The hemispherical fitting had the same diameter as the cylindrical
body. At the other end (flat end), a 1/4-28 UNF-2B hole was tapped for securing an
accelerometer to the impactor object. On the curved cylindrical surface, three M20 holes were
tapped for the purpose of lifting, with the middle hole tapped at the centre of mass of the
impactor. Eye nuts were secured onto the holes. The flexural response behaviour of the stem
wall was mainly dependent on the amount of kinetic energy delivered by the strike and the
mass ratio A (i.e. target mass / impactor mass). The mechanical properties of the impactor
material such as compressive stiffness behaviour and projectile shape had no significant
influence except for the re-bounce behaviour affecting energy losses. It is widely recognised
that the shape of the impactor can be a controlling factor in the prediction of localised damage
(Adeli and Amin 1985, Ben-Dor et al. 2006, Perera et al. 2016). This factor becomes less
dominant in predicting the response of the wall to the impulsive action of the impact (affecting
the wall bending and stability behaviour) which is the subject matter of interest in this article.
Shape effects may still have some minor influence on the re-bounce behaviour of the impact in
the context of predicting bending actions of the wall. Such influences can be incorporated into
the proposed predictive model through the coefficient of restitution parameter (refer Section
3). Thus, the deflection behaviour of the test wall generated by the impact of a piece of boulder
can be emulated by the use of a solid steel impactor of the same weight and delivering the same
amount of impact energy. The impactors are numbered and summarised in Table 1 and
alongside in Figure 2, which shows the dimensions of the impactor object. A photograph of the

impactor objects is shown in Figure 3.
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Table 1 Impactor object dimensions

Impactor Mass (kg) a (mm) b (mm)
Impactor 1 280 400 300
Impactor 2 435 700 300
M20 TAP Impactor 2 (435 kg)
a )
i I b L BN
b
1 Y
1/4-28 UNF-2B TAP Impactor 1 (280 kg)
Figure 2 Torpedo shaped impactor object Figure 3 Photograph of impactor objects

Instrumentation (as shown in Figures 4 (a) and (b)) was used to capture displacement data,
material strains and curvatures of the dynamically responding barrier as well as the velocity of

the impactors over the course of impact. This included:

e Post-yield strain gauges which were attached to the base of the wall on each
longitudinal reinforcing bar. These strain gauges were designed to measure the strain
in the longitudinal bars when subject to both elastic and inelastic (post-yield) strains. A
trial run of the test showed that the resolution of the strain gauges was in approximately
of £ 1 micro-strain.

e Linear variable differential transformers (LVVDTSs) were attached to the concrete surface
on both sides of the wall to measure longitudinal concrete strain up the height and along
the base of the stem wall.

e Laser sensors with measurement frequency of up to 750 Hz were placed behind the

specimen to measure deflection at various location across the width and up the height

8
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of the wall, as shown by red dots in Figure 4 (a) and red boxes in Figure 4 (b).
Additional sensors were used to detect any unintended sliding and uplift movement of
the specimen, which were expected to be negligible as the specimen was supposedly
fully fixed to the ground. A total of 12 pieces of laser displacement sensors were
adopted in the testing.

An accelerometer with measurement range of up to 2500 g and frequency response of
up to 10 kHz was screwed onto the flat end of the impactor objects (1/4-28 UNF-2B
tapped hole) to record the acceleration time-history as shown in Figure 4 (b). The
recorded results were then multiplied by the mass of impactor to calculate the amount
of contact force that was delivered at the point of contact in an impact.

A high speed camera (HSC), which was capable of recording video images at a rate of
up to 25,000 frames-per-second at full resolution of 1280 x 800, was used to capture
images taken at the impact location in order to: (i) determine the velocity of the
impactor prior to and following impact with the wall; and (ii) visualise actual conditions
(at the point of contact) during the course of the impact. The frame that was recorded

by the HSC is shown in Figure 4 (b) as a green box.

1350 STEEL PLATE
1

ACCELEROMETER

M 500

1
IMPACTOR
E 150 150] ! [15 500
. 150 150 ['-j
— {1 —+ O II |
% 150 150+ ] i
150 150 3 475
i w1
~300 T 300 T 300 T 300 T 300
. . :50
h56|' 1350 1
(@) (b)

Figure 4 (a) Rear view (compressive side) and (b) side view of specimen showing
instrumentation (units of length in mm)
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A 3D drawing displaying an overview of the planned test set-up including the specimen, the
impactor objects and details of the instrumentation is shown in Figure 5, alongside a
photograph showing the actual test set-up featuring two steel frames fixed to the ground (Figure
6). The first steel frame that was positioned close to the specimen was used to secure the
impactor object in place. Each impactor object was initially positioned at the centreline of the
specimen and at 250 mm from the top of the wall. A quick release hook was attached to its
centre of mass. The hook was in turn secured to a cable extending from a hand winch via a
pulley which was attached to the second steel frame. During the course of lifting, a laser level
was used to ensure that the impactor had been raised to the desired height with good accuracies.
The impactor was then released using the quick release hook. In order to ensure a fully fixed
foundation, the wall footing of the barrier specimen was bolted to the strong floor of the
laboratory (which is approximately 1 m thick) using six threaded M36 rods on both sides of
the wall. Each of these threaded rods was post-tensioned to 200 kN to prevent any uplift or

sliding of the foundation.

Pulley Steel Plate

Laser Sensors

Figure 5 Drawing showing overview of test set up
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Figure 6 Photograph showing overview of test set up

2.2 Testing Protocol

The wall specimen was tested repeatedly to fulfil the objective of studying the change in the
deflection demand on the wall and the associated tensile strain demand on the longitudinal
reinforcement with changes in (i) amount of kinetic energy delivered by the impact, (ii) mass
of the impactor or target (and hence ratio of target mass : impactor mass), (iii) material at the

contact surface, and (iv) state of crack of concrete.

The first part of the test was carried out with a protective steel plate with dimensions: 500x500
mm x 32 mm thick, which was attached to the top of the wall at the location of impact, as
shown in Figures 4 (b) and 6. This steel plate was used to ensure that the bending behaviour of
the wall was comparable across multiple tests without being distorted by cumulative localised
damage surrounding the point of contact. Strain and deflection profiles of the wall were
constantly monitored to confirm that the wall had not yielded. Eight tests (i.e. 8 impacts to the
wall) were carried out in the first part of the test and these tests were numbered as Test #1 to
#8. Impactor 1 was used to strike the steel plate from various increasing release heights H

(Figure 7) in Test #1 to #4 to deliver different amount of impact energy. Test #5 to #7 used
11
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Impactor 2. The drop heights for Impactor 2 were selected such that the theoretical impact
energy in Tests #5 to #7 were the same as Tests #1 to #3, respectively to investigate the effect
of varying the impactor mass while keeping the impact energy constant. Impact test
corresponding to impact energy of 3.85 kJ (i.e. Test #4) was omitted for Impactor 2 because
the wall would be too close to the threshold of yield. Following completion of the test series
using Impactor 2, the final test in the first part of the test (Test #8) was conducted using
Impactor 1 at 0.2 m release height. Test #8 was similar to Test #1 except that the RC wall was
fully cracked in Test #8 as compared to the fresh uncracked wall in Test #1. The purpose of
conducting Test #8 was to observe how the change in flexural stiffness of the wall affected the

structural response.

In the second part of the test, the steel plate was removed in order to investigate the wall
response behaviour when subject to the direct impact of the torpedo shaped striker without any
protection. Four tests (numbered as Test #9 to #12) were carried out using Impactor 1 with the
four release heights used previously in Test #1 to #4. By keeping the impactor mass and release
height the same, the difference in wall response behaviour with and without the steel plate can
be observed. Details of the conditions of impact for all relevant tests are summarised in Table

2.

Figure 7 Sketch illustrating release height H
12



240

241

242

243

244

245

246

247

248

249

250

251

252

253

Table 2 Impact conditions for all tests

Impactor Expected Impact

Test # Mass (kg) H (m) Energy (k) Protective Layer
1 280 0.2 0.55 Steel Plate
2 280 0.5 1.37 Steel Plate
3 280 0.9 2.47 Steel Plate
4 280 1.4 3.85 Steel Plate
5 435 0.129 0.55 Steel Plate
6 435 0.322 1.37 Steel Plate
7 435 0.579 2.47 Steel Plate
8 280 0.2 0.55 Steel Plate
9 280 0.2 0.55 N/A
10 280 0.5 1.37 N/A
11 280 0.9 2.47 N/A
12 280 1.4 3.85 N/A

2.3 Observations from the Impact Tests

The maximum deflection of the wall was found by reading off from the recorded time-history
data and then correlated with its level up the height of the wall as shown in Figures 8 (a) and
(b) (for tests using Impactor 1 and 2 respectively) when a steel plate was attached to the wall
to receive the impact, and in Figure 8 (c) for tests on a bare wall without the protective steel
plate. In addition, the maximum deflection value has also been correlated with the amount of
impact energy as shown in Figure 9. Maximum deflection values recorded from Test #1-8 and
Test #9-12 (which are characterised by similar amount of impact energy) are compared in
Figure 9 to show the significant increase in the deflection of the wall when the steel plate has
been removed (in Test #9-12). It is also shown that a higher ratio of the target mass : impactor
mass would always result in the wall deflecting less when amount of impact energy is kept the

same. For example, the added mass of a steel plate would result in a higher target mass, and

13
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hence a higher mass ratio. The test wall would accordingly deflect less in response to the same

impact. Delivering the same amount of energy using a smaller impactor (hence a higher mass

ratio) would also result in a reduced deflection demand. This is evident by comparison of test

results across Test #1 and #5; #2 and #6; and #3 and #7. In addition, Test #1 and #8 involved

the same impactor and release height but resulted in different deflection profiles. These

observed differences can also be explained by the wall possessing different flexural stiffnesses

when subject to different states of cracking following repetitive testing; the wall was only

partially cracked in Test #1 and more extensively cracked in Test #8 following multiple strikes.

This proposition is supported by the amount of cracking that was observed on the wall surface

as shown in Figure 10 (as represented by red lines). Similar inferences can be drawn from the

reinforcement strain profiles which will be presented in a later section of the paper.
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Figure 8 Maximum wall deflection from tests (a) with steel plate employing Impactor 1, (b) with
steel plate employing Impactor 2, and (c) without steel plate employing Impactor 1
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Figure 9 Maximum wall deflection vs impact energy

Front View (Tensile Side) Rear View (Compressive Side)

Figure 10 Crack pattern observed in Test #8

The response behaviour of the wall was observed to be dominated by flexural deformation,
whilst minimum shear deformation was observed. The component of flexural deformation in
the wall was approximated by calculating a flexural deformation displacement profile of the
wall, which is shown in Figure 11 for Test #7, where it can be seen to approximately equal the
total displacement of the wall. The flexural displacement profile was approximated by double
integrating the curvature profile of the wall, which was determined using LVDTs that were
stacked up the height of the wall at its centreline (as shown in Figures 4 (a) and (b)). Further,
no measurable displacement due to rocking nor sliding of the foundation was observed
throughout the test program, which was monitored using instrumentation mounted at the base

15
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of the wall specimen (as shown in Figures 4 (a) and (b)). In summary, the deflection of the

wall was pre-dominantly due to flexure.
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Figure 11 Comparison of wall deflection in Test #7 recorded from laser and integrated from
LVDT results (a) along the wall height, (b) at 1475 mm from base, and (c) at 975 mm from base

The duration of the wall to reach its maximum strain was recorded to be between 10 to 20 ms.
That corresponds to maximum strain rates of 0.05 to 0.3 s for steel reinforcement and 0.04 to
0.17 s* for concrete, and this range of strain rate has been shown to have no significant effects
on the Young’s modulus of concrete (Rostasy et al. 1984, Schmidt-Hurtienne 2000) and
reinforcement steel (Berner 1981, Levings and Sritharan 2012). It has also been shown from
the test results reported by Berner (1981), Levings and Sritharan (2012) that a strain rate of less
than 0.3 s* would not have much significant effects on the tensile strength of the reinforcing
bars. A dynamic increase factor (DIF) can be used to estimate the increase in concrete

compressive strength under the range of strain rate recorded from the impact tests. The value
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of DIF may be estimated with the use of Equation (1) for strain rate £, of less than 30 s as
recommended by Comite Euro-Internationale du Beton (1993). Equation (1) alongside another
expression for €. of larger than 30 s have been compared and verified based on some 30 sets
of test results which were collected and compiled by Bischoff and Perry (1991) from the
literature. In the current study, the increase in compressive strength of concrete due to strain
rate effect was estimated to be between 17 to 20 %. The effects of such a minor change in the
compressive strength of concrete on the impact generated deflection behaviour of the wall can

be neglected.

fcld ( éc >1.026(l
feda _(__“¢ la
fo 30 x 10°¢ (12)
1
a = 7 1b
5+ 3 (1)

For Test #9-12, the steel plate was removed from the specimen and photographs were taken at
the point of contact after each test to document the localised damage (Figure 12). This localised
damage was minor and was generally limited to only minimal surface cracks at the vicinity of
impact with indentation depths of less than 4 mm. No spalling of concrete, perforation or

penetration were observed.

(a) Test#9 (b) Test #10 (c) Test #11 (d) Test #12

Figure 12 Localised cracks developed at vicinity of impact from Test #9-12
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The velocity of impact can be inferred from images taken from the HSC. The measured velocity
values of impact (v,) are listed in Table 3 alongside calculated values (based on principles of
conservation of energy for a given height of release, i.e. 0.5mvZ = mgH). Discrepancies
between the two sets of results are shown to be minor (within 5%). The velocity of the impactor
object on re-bounce (v, ) have also been obtained from a similar manner to provide an estimate
of energy loss occurring over the course of the impact. It was observed that the impactor either
did not rebound at all but instead brought to a stop or pounding on the wall, and bouncing off
from it, multiple number of times. It is noted that such repetitive re-bounce behaviour was
immaterial to the deflection demand behaviour of the wall as the wall always deflected to the

maximum extent at the first strike when measurement was taken.

Table 3 Velocities prior to and following impact

Test # H (m) Calculated v, (m/s)  Measured v, (m/s) v; (M/s)

1 0.2 1.98 1.93 0

2 0.5 3.13 3.08 -0.26
3 0.9 4.20 4.17 -0.57
4 14 5.24 5.18 -0.92
5 0.129 1.59 1.55 -0.17
6 0.322 251 2.48 -0.34
7 0.579 3.37 3.66 -0.69
8 0.2 1.98 191 -0.1
9 0.2 1.98 1.93 -0.17
10 0.5 3.13 3.08 -0.34
11 0.9 4.2 4.26 -0.34
12 14 5.24 5.1 -0.6

Some key experimental results are summarised and listed in Table 4. Note that the maximum
compressive strain in concrete and maximum curvature at the base of wall were inferred from

measurements of the strain gauges.
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320 Table 4 Summary of Experimental Results

Impactor  Actual Impact Maximum Wall Contact M.aximur'n . Maxjmum - Madmum

Test# H(m) Mass (kg) Energy (k) Deflection (mm)  Force (kN) Ten_5|le Strain in  Compressive Strain in  Curvature at

Reinforcement Concrete Base (rad/m)
1 0.2 280 0.52 4.0 623 0.0007 0.0009 0.010
2 05 280 1.33 5.7 931 0.0010 0.0012 0.013
3 0.9 280 2.43 8.9 1208 0.0015 0.0015 0.018
4 14 280 3.76 12.0 1485 0.0020 0.0018 0.022
5 0.129 435 0.52 59 418 0.0010 0.0011 0.012
6 0.322 435 1.34 9.5 800 0.0017 0.0015 0.018
7 0.579 435 291 13.0 1121 0.0021 0.0017 0.023
8 0.2 280 0.51 5.2 511 0.0009 0.0010 0.011
9 0.2 280 0.52 5.2 315 0.0009 0.0010 0.011
10 0.5 280 1.33 8.2 533 0.0014 0.0013 0.016
11 0.9 280 2.54 115 695 0.0019 0.0016 0.020
12 14 280 3.64 14.4 799 0.0023 0.0017 0.023
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3 Predictions of Deflection and Bending Behaviour of Wall
3.1 Displacement-based Analytical Model

A displacement-based (DB) model developed by the authors was used to predict the
performance behaviour of the reinforced concrete barrier when subjected to the impact of a
boulder on the cantilevered wall causing it to deflect and bend. The model was derived by the
authors based on fundamental principles of energy and momentum. Analytical expressions for
predicting the displacement demand of the impact have until now only been verified by impact
on miniature models made of steel or wooden materials (refer Ali et al. (2014), Lam and Gad
(2016), Lam et al. (2018b), Yang et al. (2012)). For the design of a RC barrier walls, which are

expected to respond within the elastic limit, the model takes the form of Equation (2).

mv3 1+ COR\?
A= \/W:ff ’1( 1+ ) @
For an impact scenario defined by the boulder mass (m) and impact velocity (v,), the remaining
input parameters to Equation (2) to be determined are the mass ratio (1), coefficient of
restitution (COR) and cracked stiffness (k) of the stem wall. In the scenario where the
barrier is struck by a boulder at an oblique angle 6, v, is taken as the horizontal component of
the actual boulder velocity (v), i.e. vy = v X cos 6. Parameter A defines the ratio of the
generalised mass of the target (Am) to the mass of the impactor (m). The value of Am may be
taken as a quarter of the mass of the stem wall based on established structural dynamics
principles (Ali et al. 2014, Sun et al. 2016). This was derived based on the shape profile of a
cantilevered wall, and will remain unaffected by crack formation as long as the limit of yield
has not been surpassed. The expression of Equation (3) for determining the value of the COR

parameter is based on Newton’s impact hypothesis.
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v+ v
COR = ———2

3)

Vo

where v, is the velocity of the boulder on re-bounce from the wall surface, and v, is the
velocity of the idealised lumped mass representing the responding stem wall. The value of v,

can be calculated using Equation (4) which is based conservation of momentum principles.

Vo +U1
1.72 == A

4)

It is important to note that the model is applicable to fully cracked RC walls that remain elastic

(i.e. model is applicable for M. < M < M,,). If the impactor is not expected to crack the wall
(M < M), kesr can simply be based on the gross stiffness k, to provide a more accurate
deflection estimate. Calculation for the value of the k., parameter representing the stiffness

properties of the stem wall will be covered in detail in Section 3.2.

It is assumed in the model that the steel bars across the length of the wall are subject to uniform
tensile stress and strain. The effective length of the wall is taken to be twice the height of the
stem wall (measured above the base of the footing) based on a distribution angle of 45 degree.
The real behaviour of the wall is more complicated than that portrayed by the model in the
sense that the tensile stresses and strains vary approximately linearly across the length of the
wall reaching a maximum value at the location where the impactor strikes. The proposed model
is found on the premise of providing a reasonably accurate estimate of the maximum level of
stress that is experienced by the wall responding at its centreline when responding to the impact

action. Refer schematic diagram of Figure 13 which illustrates the modelling concept.

A series of numerical simulations have been carried out by the author using program LS-DYNA

(details reported by Yong (2019)). It has been found that the strain distribution pattern corresponds
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to an angle of distribution of 45 degree approximately. Importantly, the numerically simulated
maximum tensile strain is close to estimates by the proposed analytical model which is based on
uniform strain assumption. In a subsequent parametric study, the numerical simulations were
repeated for the same stem wall but with the ratio of the reinforcement content in the horizontal to
vertical direction (H:V) varying between 1:1 to 1:4. The difference in the strain distribution was
shown to be minor. The H:V ratio of the reinforcement content has therefore not been incorporated
as a design parameter in the analytical model. Consequently, the calculation procedure described

herein may be adopted irrespective of the H:V ratio of the reinforcement.

Tensile Strain Wall Centreline

Tensile Strain
Distribution

/ (Idealised)
/S
r ~
Tensile Strain
Distribution
(Actual)
%
Wall Length

Effective Wall Length

Total Wall Length

Figure 13 Distribution of tensile strain across the length of the stem wall at the base

3.2 Cracked Bending Stiffness of Reinforced Concrete Stem Wall

The expression of Equation (5) for calculating the bending stiffness of a cracked reinforced
concrete stem wall based on structural dynamics principles is identical to the expression for

calculating the static stiffness of a cantilever member.
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3Elzf
Kepr = h3 (5)

An important assumption with the calculated value of k.;r (and hence El.sf) is that it

represents the stiffness of the entire reinforced concrete wall. In fact, this only holds true if the
cracks formed on the concrete are well distributed, as shown in the schematic diagram of Figure
14 (a) and further discussed in Menegon et al. (2018). It has been shown in the literature that
lightly reinforced concrete section can result in undesirable displacement behaviour as
distributed cracks cannot be developed (Hoult et al. 2017, Lu 2017), as shown in Figure 14 (b).
Menegon et al. (2018) proposed the minimum reinforcement values summarised in Table 5 to
ensure a desirable formation of distributed cracks. The recently revised 2018 version of the
Australian concrete standard, AS 3600 (Standards Australia 2018) has included similar
minimum reinforcement values to ensure distributed cracking in scenarios where a ductile
response is required. The Grade N40 RC specimen presented in Section 2 had reinforcement
content of approximately 1.3 % and hence the minimum reinforcement requirement has been

met.

(a) traditional plastic (b) single crack
hinge model with plastic hinge model
distributed cracking (under reinforced
section)

Figure 14 Plastic hinge models for RC walls (Menegon et al. 2018)
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Table 5 Minimum reinforcement ratio to ensure distributed cracking in RC walls (Menegon et

al. 2018)
Concrete Grade* Minimum Reinforcement Ratio (%)
N32 0.7
N40 0.8
N50 0.9
N65 1.0

*the concrete grade designation is based on Australian convention because Menegon et al.

(2018) reports the results of investigation undertaken in Australia

Given that the height of the stem wall (k) is readily known, the only remaining input parameter

to Equation (5) is the wall flexural rigidity (E1.;f). Note that subscript ef f denotes cracked
concrete. Three methods may be used for calculating the value of Elzf:

1. Method 1 - by moment-curvature analysis which is executable using program Response
2000 (Bentz 2000).

2. Method 2 - moment-curvature analysis by fibre-element analysis which can be
implemented on an Excel spreadsheet as proposed by Lam et al. (2011).

3. Method 3 - Simplified method of calculation employing Equations (6) to (8). Equation
(7) was derived by Priestley et al. (2007) based on extensive moment-curvature
analyses carried out on lightly (axially) loaded structural element which is consistent to

the conditions of the stem wall of a rockfall barrier.

M, = ¢pM,, = 0.84,,f,(0.9d) (6)
1.7,
y == (7)
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Elesr = ¢>_y (8)

As shown in Figure 15, curves showing the moment-curvature relationships as calculated from

method nos. 1 and 2 are in very good agreement. The values of M,, and ¢,, were found to be

376 kNm and 0.023 rad/m respectively. The slope representing the initial stiffness in the bi-

linear model may be taken as the value of the parameter El.f¢. It has been found from

sensitivity analyses undertaken by the authors that the moment-curvature behaviour of a

lightly-loaded wall is insensitive to changes in the grade of concrete nor its Young’s modulus.

500

400 —

300

200 4/

Moment (kNm)

SISENSNENS s e Response 2000
- - -Lam etal (2011)
i ! b-—- Bi-Linear Approximation

0 —t
0.00 0.05 0.10 0.15 0.20 0.25 0.30

Curvature (rad/m)

Figure 15 Moment-curvature relationship with bi-linear line of best fit
When applying method no. 3, parameters required for input into Equations (6) — (8) may be
taken from values listed in Table 6. The values of M,, and ¢,, can be calculated by substituting
the listed values into Equations (6) and (7) respectively. The resulting value of El, ¢ is then
compared with that obtained from Figure 15 alongside values of k. as listed in Table 7.

Values of El.¢r and ks as derived from the alternative methods of calculation have been
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419  found to be in very good agreement (refer Table 7). Results presented herein will be used in

420  analyses presented in the later part of the paper.

421 Table 6 Parameters required for Equations (6) and (7)

Parameters Values

Section Depth, D 230 mm

Wall Length, B 3000 mm
Reinforcement Arrangement N20-200
Cover 30 mm

d* 170 mm

Tensile Bar Area, A, 4712 mm?
Yield Strength, f, 543 MPa
Yield Strain, &, 0.0028
Concrete Strength, £ 47 MPa

422  *d is defined as the distance between the compressive surface of concrete and the centre of

423  tensile reinforcing bar

424
425 Table 7 Comparison of El 5 and k.gf values calculated from different methods
Parameters Figure 15 Equations (6) — (8)
Elpr (kNm?) 16176 15139
kers (kN /m) 14379 13457
426

427 3.3 Comparison of Predictions from the Proposed Model with Experimental
428 Measurements

429  All input parameters into the model are dependent on the impact scenario except for the value
430  of the k.rr parameter which may be taken as constant: k.. = 14379 kN /m across all
431  scenarios. These input parameters to Equation (2) are listed in Table 8. For Test #1 to #8, the

432  mass of the protective steel plate (62.8 kg) is considered to be part of the “target”. The value
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of COR was calculated using Equation (3) and the velocity of impactor inferred from the HSC.
The predicted maximum deflection values of the stem wall as calculated using the analytical

solution of Equation (2) are compared with experimental measurements (refer Figure 16).

Table 8 Input parameters to Equation (2)

Test # m(kg)  Am (Kkg) A vo (M/s) v, (M/s) COR
1 280 683.8 2.44 1.93 0.79 0.41
2 280 683.8 2.44 3.08 1.15 0.29
3 280 683.8 2.44 4.17 1.47 0.22
4 280 683.8 2.44 5.18 1.74 0.16
5 435 683.8 1.57 1.55 0.88 0.46
6 435 683.8 1.57 2.48 1.36 0.41
7 435 683.8 1.57 3.66 1.89 0.33
8 280 683.8 2.44 1.91 0.74 0.34
9 280 621 2.22 1.93 0.79 0.32
10 280 621 2.22 3.08 1.24 0.29
11 280 621 2.22 4.26 1.77 0.34
12 280 621 2.22 51 2.03 0.28

In Figure 16, a sample of the maximum deflection value as calculated from the proposed model
is shown as a straight line when overlaid on a graph in which the time-history of the deflection
of the stem wall is presented. The maximum values of the deflection as obtained from
calculation and from experimental measurements are then compared in the form of a bar chart
as shown in Figure 17, and they are shown to be in good agreement. Over-predictions can be
seen in Test #1 and #2 in which case the stem wall was not fully cracked, and yet the
calculations were based on the assumption of a fully cracked wall (with stiffness equal to k¢ ¢).
In a follow-up test (Test #8) repeating the same impact scenario (as Test #1) on a fully cracked
wall, the calculated maximum deflection value was in much better agreement with the recorded

value.
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Figure 16 Comparison of deflection Figure 17 Maximum deflection recorded from
recorded from experiment (Test #8) and experiments across all the tests in comparison
calculated from Equation (2) with estimation by use of Equation (2)

3.4 Estimation of Maximum Tensile Reinforcement Strain

Given that the value of the yield curvature (¢,) of the stem wall has been calculated in Section
3.2, being 0.023 rad/m, the value of the yield deflection (A,,;) can be estimated using Equation
(9), being 12.1 mm. Note that h; refers to the height of impact measured from the base of the
wall (i.e. 1.25 m), and hence A,,; corresponds to the yield deflection at the same height. Yield
deflection at the top of the wall (A,) can then be estimated based on fundamental mechanics of

material as presented by Equation (10), being 15.7 mm.

h2
Aﬂ=?%i )
3h — h;
Ay:Ayi( 2h; ) (10)

The maximum strain & of the tensile reinforcement may be linearly correlated with the
maximum deflection of the wall as shown by Equations (11) and (12) in which the limit of

yield (&;5,) can be taken as 0.0028 (refer Section 2.1).
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—=— (11)

(12)

457 By substituting the deflection values calculated from Section 3.3 into Equation (12), the value
458  of g, for each test can be estimated by the presented analytical model. The calculated strain
459  value is shown by a straight line when overlaid on a chart presenting experimental
460  measurements from a row of strain gauges positioned at the base of the stem wall across its
461  length (refer Figure 18 for a sample display of maximum strains recorded from the array of
462  strain gauges). The maximum experimentally recorded strain value for each test is then
463 compared with the respective analytically predicted value in the form of a bar chart
464  demonstrating good agreement consistently across many tests (Figure 19). Where there are

465  discrepancies the errors are always on the safe side.
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Figure 18 Tensile reinforcement strains Figure 19 Maximum tensile reinforcement
recorded from experiment (Test # 8) in strains recorded from experiments across
comparison with estimation by use of Equation  all the tests in comparison with estimation
(12) by use of Equation (12)
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3.5 Contact Force vs Quasi-static Force

The term “contact force” refers to the force developed at the point of contact between the
impactor object and the surface of the target, and is not to be confused with the term “quasi-
static force” (or “reaction force”) which is defined as the force to emulate the maximum
deflection demand of the impact. The quasi-static force (or reaction force) can be obtained by
multiplying the wall deflection measured from the experiment by the estimated flexural
stiffness of the wall (refer Section 3.2). An example (Test #1) of comparison between contact
force and quasi-static force is shown in Figure 20. It is shown in the comparison that the amount
of contact force delivered by the impactor is an order of magnitude larger than the actual
reaction force experienced by the wall at its base, and at a much shorter duration. Similar
observations can also be seen across all 12 tests, as demonstrated in Figure 21. The differences
between the two types of forces is the result of a significant amount of inertia force that can be
generated from within the wall when experiencing deflection in response to the impact action.
Thus, applying contact force in a quasi-static manner to the target would give misleading
predictions of the global response behaviour of the targeted structure. In summary, the
analytical model proposed in Section 3.1 takes into account the effects of inertial resistance to

accurately predict the global response behaviour of the target instead of the contact force.
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Figure 20 Comparison of experimentally Figure 21 Comparison of experimentally
measured contact force and quasi-static measured peak contact force and quasi-static
force (Test #1) force
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4 Conclusions

This paper presents the findings and results of a recent experimental and analytical study into
cantilevered reinforced concrete (RC) rock fall barriers. The experimental program consisted
of a full-scale RC wall, which was struck with steel impactors of different sizes dropped from
multiple heights. The results of the experimental program were used to validate a displacement-
based (DB) method developed by the authors for predicting the impact induced flexural

response of cantilevered RC walls. The main findings are summarised as follows:

1. An impact scenario cannot be defined by impact energy alone, since the ratio of the
mass of the target and that of the impactor (1) can have a significant influence on the
outcome of the impact. Experimental results show that a heavier impactor with lower
velocity and equivalent impact energy can result in a significantly higher deflection
demand on the wall following impact.

2. The use of the cracked stiffness (i.e. k.sf) of the RC wall for calculating the deflection
demand of the impact has been shown to give predictions that match reasonably well
with experimental measurements.

3. The contact force delivered by the impact has been shown to be of much higher intensity
(but lasts for a much shorter duration) than the quasi-static force, or reaction force. Thus,
applying contact force on the cantilevered wall in a quasi-static manner to simulate the
impact response could result in overpredicting the bending deformation of the wall.

4. The proposed DB model has been shown to provide accurate predictions of both the
maximum horizontal deflection of the stem wall and the maximum tensile strain of the

vertical reinforcement in the wall.
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6 Notation

The following notations were used in this paper:

total area of reinforcement at tensile side
wall length

coefficient of restitution

distance between compressive surface of concrete and centre of tensile bar
depth of concrete section

effective flexural rigidity of cracked concrete
concrete strength

dynamic concrete strength

tensile strength of reinforcement
gravitational acceleration

wall height

impact height

release height of impactor

effective cracked stiffness

gross stiffness

impactor’s mass

cracking moment

ultimate moment capacity

yield moment capacity

impact velocity at an oblique angle to barrier
impact velocity

velocity of impactor on rebound in opposite direction
velocity of target following impact
maximum deflection of stem wall

deflection of stem wall at yield limit

yield deflection at impact height

concrete strain rate

maximum tensile strain of reinforcement
yield strain of reinforcement

ratio of target's generalised mass to impactor’s mass
yield curvature

angle between direction of impact and target
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