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Abstract

Increased occurrences of natural and man-made dynamic loading caused by high strain rate dynamic impact load have been
recently reported. Different statistical results indicate that vehicular impacts occur more frequently compared to the other
dynamic loads. However, existing literature primarily focuses on enhancing survivability and determining damage levels
specifically in relation to faster bridge construction methods used as an accelerated bridge construction (ABC). In this context,
the present study investigates the dynamic behavior of a commonly used connection type in ABC, namely grouted coupler that
connects pre-cast elements like bridge piers and foundations. To execute the research, both the static and dynamic performance of
grouted couplers embedded in pier foundation subjected to high strain rate loading incurred by high velocity vehicular impact are
examined. A representative non-traditional reinforced concrete (RC) bridge pier is selected for the study with the standardized
geometry and selected material properties. The use of splice sleeves as coupler materials and specified cross-sectional hollow
cast iron cylinders filled with high strength concrete grout is employed for developing Finite Element (FE) modeling, extracting
data from published journals. A commercial software, ANSYS, has been utilized to develop FE models to capture post impact
respective static and dynamic behaviors, and the simulation results are then compared with the analytical. This also includes
determining material performance via FE simulations. By considering dynamic loading, the dynamic impact factor (DIF) has
been evaluated for the reinforcing steel bar adjacent and embedded into the coupler. In addition, dynamic simulations, and
material modulus in demand to sustain impact are determined. Thus, the research necessitates mesh-independent sensitivity
studies to investigate DIF corresponding to the precise outcomes. The findings of this study manifests valuable information that
aids to opt for the suitable coupler connections, considering material properties, and adequate post impact execution.
Consequently, it will serve as a useful design tool for design offices, structural practitioners, and forensic structural engineers.

Keywords
Non-Traditional ABC Bridge Pier, High Velocity Vehicle Impact, Grouted Coupler, FEM, and Validation of FE Model

1. Introduction

Bridge piers experience highly dynamic impact due to mance has received significant attention in high earthquake
seismic events, blast, and vehicular collisions. This may cause  prone states in the region comprising primarily of the western
health deterioration of the bridge pier from less to severe, and ~ United States of America (USA) [20]. The seismic behavior
possibly collapse. Structural evaluation for seismic perfor-  and response of traditional reinforced concrete (RC) bridge
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pier has been the subject of extensive research efforts exe-
cuted to improve the capacity of the piers to high strain rate
deformation due to seismic loading [1]. Unfortunately, the
other mechanisms of dynamic impacts, like, vehicular colli-
sions, and blast load have received little attention. This leads
an additional insight to look into the RC bridge pier per-
forming on dynamic load exerted by small duration impact
[15]. Different studies show that vehicular collisions with
bridge elements are the most common dynamic impact sce-
nario, especially with the increasing volumes of vehicular
traffic [34]. The performance of the coupler has been inves-
tigated for both dynamic and static combined stresses for
various vehicle impact scenarios. Quasi-static to dynamic
strain rates of reinforcing steel bar connected to the couplers is
also evaluated and published in [30]. To characterize damage
incurred by vehicle crash is subjected to the concrete strength
parameters quantifying a good tradeoff between the shear
capacity to primarily resist the impact load [28], and the
flexural capacity controlling principal serviceability of the
pier [29]. However, this present study intends to quantify the
coupler post impact behavior at high strain rate load incurred
by semi-trailer on the representative prototyped and half-sized
ABC pier utilizing grouted coupler.

In addition to the seismic load, the other dynamic loading
scenarios, such as blast and car crash also warrant investiga-
tion and thorough inspection. Precisely, vehicular impact calls
for significant attention due to a high frequency of occurrence
[33]. Recently, this has been observed that crashworthiness by
vehicle impact jeopardizes direly the health, and hence re-
duces serviceability of the pier. With regards to vehicle impact
loading encountered by RC bridge piers, the majority of the
existing literature focuses on identifying severity of damage
levels [27, 34]. While this research is valuable, the perfor-
mance of RC bridge piers under vehicle impact has yet to be
fully investigated for recent developments in terms of mate-
rials and construction methods such as ABC. In this method,
connectors such as splice sleeves and grouted couplers are
commonly used to connect different bridge components such
as foundations to piers. The introduction of these new mate-
rials, splice sleeves and grouted couplers, differ the dynamic
response of bridge structures due to the fact that they typically
behave higher stiffness’s than steel rebar, result in disconti-
nuities of the reinforcing steel within the coupler and change
the energy dissipation path [23, 29]. In addition, grouted
coupler and splice sleeve connectors facilitate the construc-
tion of RC bridge but their use in plastic hinge location is
restricted as specified in seismic bridge design codes [5]. This
study has been performed to address the material properties
and its contribution to the post impact performance at impact.
In addition to introduce new materials and construction
methods, the performance levels of the bridge-piers assess-
ment under multi-hazard effects has yet to be thoroughly
researched. Sequential or simultaneous hazardous loading
experienced by circular RC bridge pier due to blast and ve-
hicular impact have already been investigated in terms of the
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performance and resistance reduction method [39].

However, precise assessment of splice-sleeve and grouted
coupler used in ABC needs an additional attention in using
coupler proposed by Utah Department of Transportation
(UDOQT) before its widespread use [6]. To analyze the impact
characteristics of grouted coupler, it is placed in the pier-
foundation connection in order to evaluate the performance
standard of the splice sleeve and grouted coupler mechanism
as a composite material [23]. The performance of splice
sleeve was further reported in the proposed literature by
‘Idaho Transportation Department’ [12]. A study of the
structural reliability of RC piers subjected to sequential
loading exerted by blast and vehicular impact were also
studied. The study showed that the structural performance of
the piers are particularly sensitive to its dimensions [31, 39].
This implies that an increase in the stiffness of the pier could
possibly help it withstand the external forces caused by ve-
hicular impact. Coupler sections have been studied as a means
of increasing the stiffness of the RC piers to improve their
seismic performance and overcome the development of plas-
tic hinges [38, 39]. However, the effect of these couplers on
the response of RC bridge piers subjected to vehicle impact
loading is a complex mechanism and still relatively unknown.
This study is an attempt to evaluate the performance of indi-
vidual grouted coupler section against short duration impact
to predict the coupler behavior, and material properties as well.
In the present study, splice-sleeves along with high grade
concrete grouted coupler are embedded into the
pier-foundation, placing the foundation top and the coupler
cross-section in the same level, as shown in Figure 1. How-
ever, plastic hinges are expected to form in the weakest part of
the pier, predicting dissipation of maximum energy [23],
particularly at the pier-foundation junction as predicted and
specified [12]. Performance of single pier due to dynamic
impact exerted by vehicle collision on it, undergo high frontal
overpressure [15]. As such, failure mechanism of each coupler
along with the material properties need rigorous prior investi-
gation before recommending its widespread use in founda-
tion-pier connection for ABC under axially compressive stress,
and the combined stresses resulting from residual flexure
caused by impact load, transferring it at pier base [40, 41].

The importance of this present study is to examine static
and dynamic characteristics of the single coupler material
used in RC bridge pier at vehicle impact. To assess post im-
pact behavior and enhance the post impact performance level,
study of coupler on dynamic load needs further insight. The
study further helps to determine post impact performance
reliability by utilizing dynamic impact factor (DIF), carried
out from finite element models (FEM) from manufacturer
supplied material properties, and results from experimental
testing. The FEM simulations are used in this study to deter-
mine the DIF of the single coupler under axial compression
and horizontal shear load typically experienced from vehicle
impact. This present study is an accomplishment to investi-
gate the performance ABC pier at vehicle impact to determine
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necessary bridge calibration.

2. Methodology

In this research, splice-sleeve and grouted coupler em-
bedded in a foundation cap connecting the reinforcing steel
bar has been evaluated at vehicular impact loading. Qua-
si-static to dynamic strain loading has been incorporated to
investigate. The grouted coupler’s impact performance has
been evaluated for the dynamic load incurred by semi-trailer.
Prototyped ABC pier with lower concrete strength has been
utilized [27] to estimate damage of the coupler-steel bar re-
gion incurred by impact. The impact of the pier specimen is
subjected to the concrete strength parameters due to its high
vulnerability to vehicle impact due to its exposed surface area
quantifying a good composition between the shear capacity to
primarily resist the impact load, and the flexural capacity
predominately control the serviceability of the pier [29, 32].
However, this present study intends to quantify the coupler at
high velocity post vehicle impact behavior at impact load.

Performance level comprising of material properties and
post impact behavior are determined by fractioning the load
transmission per coupler. The investigation is carried out
through numerical simulations via FEM utilizing the material
properties from manufacturer’s data. To examine the material
behavior and failure pattern against vehicle impact, short
duration post impact performances are evaluated through
static and dynamic numerical simulations of the single cou-
pler and validated with the manufacturer provided experi-

| S

mental results to compute the dynamic impact factor (DIF).
Commercially available software package, ANSYS
WORKBENCH, has been used to carry out the respective
static and dynamic simulations. The respective DIFs com-
puted using numerical simulations and from analytical
methods are compared to validate the results from published
journals.

2.1. Material and Geometric Properties of
Splice-sleeve

Various connection types have been studied for precast
concrete bridge piers in seismic areas and designated in two
major categories of emulative and rocking connections [21].
The emulative connection for precast components is specified
as a connection that includes special detailing. This type of
splice-sleeve predicts better performance to withstand dy-
namic impact for reproducing a monolithic cast-in-place
component.

For this particular study, geometrical details of splice sleeve
recommended and typically used in ABC connector is 8U-X
and is as shown in Figure 1 and Table 1. Splice-sleeve used for
grouted coupler in the column rebar embedded and placed
(Figure 2) within the pier foundation, predicts enhanced per-
formance in dynamic response [19].

For this study, sleeve number 8U-X is considered and in-
vestigated as recommended for # 8 ASTM 706 bars used in
pier for main reinforcement [27].

| = 1 |
| i !
A'A Rebar Stop ccCcB
(1 & 1|
L

-

IN

Rebar Stop

1
AA" - Wide end diameter
B : Max. dia.
C,C’ : Narrow end dia.
L :Length
W : Wide open end
N : Narrow open end

Figure 1. Splice-sleeve [22].

Table 1. Details of splice sleeve number 8U-X [22].

Zone Coupler Type
W = Wider End 8U-X
N = Narrower End 8U-X

Internal Diameter (in.) (mm) External Diameter (in.) (mm)

1.89 (48.01)
1.3 (33.02)

2.52 (64.01)
2.52 (64.01)
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2.2. Placement of the Grouted Coupler

The grouted couplers are strategically placed in the location
where plastic hinges are likely expected to form, i.e., at the
pier-foundation connection [12]. The pier section with
grouted coupler is shown in Figure 1 (b). Splice-sleeves
(Figure 1) considered from manufacturers catalogue, and
grouted couplers are placed and embedded into the foundation
are as shown in Figure 2 (a & b). Both ends of the pier are
modeled with fixed supports and the location of vehicle im-
pact is considered at a distance 3 feet height from the foun-
dation top.

3. Dynamic Impact Performance of ABC
Bridge Pier

Cast-in-place bridge pier like RC or ABC experiences
highly dynamic impact due to seismic response, blast, and
vehicular collision [1, 3].. This may cause health deterioration
of the pier from less and moderate to severe, till collapse.
From different studies and captured data from published
journals [14], frequency of vehicular collision causing

4 21 in Diameter RC Pier
.t Spirally Arranged Shear (Transverse)
Reinforcement (36 ksi) @ 2.5 in Vertical Pitch

Al LA

+

Steel Reinforcement

E RC Pier Foundation
R 5K R
' - M
] “0‘ ne e ! i

(a)

Grouted Coupler

3.1. Determination of Flexural Properties

The representative RC pier is designed by utilizing a con-
crete grade of 3 ksi and longitudinal reinforcement (primary)
of grade 60 steel (60 ksi tensile strength) considered from the
published data [30], and for the shear reinforcement (trans-
verse), grade 36 steel (36 ksi tensile strength) is used [16].
Sectional elevation of the RC pier and details of the pier
cross-section are shown in Figure 2(a & b). End conditions
are considered and utilized in pier are both ends are restrained
against displacement and rotation in all directions, and unre-
strained length of the pier is taken as 8.5 feet with circular
cross-section  throughout  (“Grouted  Splice  Sleeve

6 Nos. # 1 Main (Longitudinal) Grade 60 (60 ksi)

crashworthiness seems surpassing the other dynamic re-
sponses [41]. High velocity vehicular impact and its post
effect on the traditional RC bridge pier has received attention.
On the other hand, performance of ABC using splice sleeve
along with high grade concrete grouted couplers at high ve-
locity vehicle impact are relatively unknown. Performance of
the pier and the dynamic impact on it are studied for axially
compressive stress and the combined stresses as a result of
residual flexure due to impact at pier base. The coupler region
must exhibit adequate stress limit over the dynamic stresses
for service. Grouted couplers in plastic hinge zones must
develop 150% [38] of the specified yield strength of the
connected reinforcing bar. Stresses are computed from finite
element (FE) modeling to assess the coupler performances
using high strain rate deformation [13]. High strain-rate de-
formation is considered especially as far as the impact and
shocking load is concerned where the rate sensitivity leads to
the high stresses causing enhanced stresses, resulting dislo-
cation. At the specific higher strain rate loading, the mobile
dislocation velocity increases to accommodate the required
plasticity [1].

F— Bh=21in
k- d=18m —}|
he=15in ‘

# 4 Spirally Placed
Steel Rebar (Shear)

Grouted Coupler

6 Nos. # 8 Steel Rebar

(b)
Figure 2. (a) Grouted coupler and splice sleeve position position in ABC RC pier, and (b) Section A-A.

Connectors for ABC Bridge Joints in High-Seismic Regions
— Transportation Blog” n.d.), as shown in Figure 3(b). The
pier has primary reinforcement of 6 numbers # 8 steel re-bars
throughout the foundation bottom, followed by a spirally
arranged shear reinforcement with # 4 steel (grade of 36 ksi)
rebar @ 2-1/2 inches pitch throughout as utilized in the rep-
resentative pier (“Grouted Splice Sleeve Connectors for ABC
Bridge Joints in High-Seismic Regions — Transportation
Blog” n.d.). Shear reinforcement provided in the pier con-
forms to the minimum shear reinforcement criteria [2]. In
addition, the representative pier also satisfies the minimum
shear reinforcement criteria for steel bar diameter and pitch
of the spiral reinforcement [18].

In this study, flexural performances of the coupler embed-
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ded at concrete foundation base is estimated. Tables 1 and 2
include computations of axial loads on pier and respective
each reinforcing steel bar. Splice-sleeve details are already
shown in Table 2, and DIF of steel bar is shown in Table 3.
Computations of axial compressive load experienced by RC
pier and individual coupler are shown respectively in Tables 2
and 3. Semi-trailer has been considered as a vehicle weight [4]
for impact from the data given and as included in Table 4.
Computation of the axially compressive load incurred by the
RC circular bridge pier, as shown in Figure 2(b) [i.e., Sec A-A
of Figure 1 (a)], is given in Equation 1 [17].

P (Axial Compressive Load)

-~ Restrained

8.5 feet | ABC Pier

(el -1 Tmpact Point

hi=3 feet (0.914 m)

k-

7 ]

N . . "

Restrained

Figure 3. Impact Point and boundary conditions of the representa-
tive ABC bridge pier.

Direct axial and static compression load (P, q) of the pier
can be computed from Equation 1.

Poq = 0.85f/(A; — Ast) + Asefy (1)

Where: Aq and Ay, indicate gross cross-sectional area of
pier and the area of reinforcing steel rebar in pier section, and
f’¢ and f, are the respective strengths of 28 days concrete in
compression and reinforcing steel rebar in tension.

The resulting values of axial compressive load experienced
by the RC pier is as shown in Table 2.

Table 2. Materials and Geometric Properties.

f'. (ksi) fy (ksi) A, (i) Ay (in?) Pna (Kips)
(MPa) (MPa) (mm?) (cm?) (kN)

60 346.50 4.70 1310
3(2068)  (11368)  (203548) (3032)  (5827.17)

The resulting value of axial compressive load experienced
by the RC pier has been fractioned, and the apportioned axial

load incurred by the individual coupler conforming individual
material and geometric properties can be computed from
Equation 2.

Acr-Ecr+Agrout-EGrout
P,s =Png4 [ rout-EGrou 1 (2)
! " LAnet-EconcretetAst-Est

Where: P4 and P, are the respective design axial com-
pression capacities of RC pier and individual steel rebar; Ac,
Ag, and Ag ot indicate gross cross-sectional area of cast iron
component of the coupler, area of reinforcing steel rebar in
pier section, and cross-sectional area of grout. and
cross-sectional area of hollow splice-sleeve; Ec), Egrouts Econ-
cretes aNd Eg express material modulus of cast iron of
splice-sleeve, grout, concrete, and reinforcing steel rebar; and
n is the energy dissipation after impact. To analyze the coupler
behavior, Econcrete IS considered as 2.65 psi, and the respective
values of E¢, Egrout, and Eg as considered in this study are as
shown in Table 5.

The equation 2 yields an apportioned axial compressive
load of 3.1 kips incurred by each coupler and has been used to
investigate its performance at impact load.

Acoupler Signifies the summation of the cross sections of
hollow splice sleeve (cast iron) and grout. From geometry and
using Figures 4 and 5, Acqypier €an be deduced from the relation
as shown in Equation 3.

Acoupler = Acr + Agrous 3)

Where: Aupier IS the cross-sectional area of grouted coupler;
Aciand Agout indicate area of hollow splice sleeve (cast iron)
and cross-section of the grout.

Using Table 1, and Figures 4 and 5, Acqupier can be evaluated
as 2.20 in? (14.20 cm?).

Although the material moduli of cast iron and reinforcing
steel are much higher than that of concrete and grout, but their
respective cross-sectional areas are very less as compared to
pier that triggers the negligible effect of material moduli
controlling the impact effect. In addition, immediate effect
during impact, shear primarily controls the post impact be-
havior and is followed by axial load after impact which is a
complex mechanism. Direct axial compression load from pier
via individual reinforcing steel rebar (P,s) to coupler is
transmitted and approximately evaluated by fractioning down
the column axial load, using the area ratio (Acoupler /Aner), 8S
shown in Equation 3. However, axial load being a secondary
controlling factor of impact behavior, a negligible amount of
fractioned axial compression load (n is approximately con-
sidered as 0.2% due to dissipation effect) has been received by
the coupler composite system. In order to mitigate the effect
of material modulus in impact, the simplification of Equation
2 resulting approximately the same result withing 2.9% vari-
ation is as shown in Equation 4.

A r
Bs = Pn,d(%:ze) 4)
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Where: P,4 and P, are the respective design axial com-
pression capacities of RC pier and individual steel rebar; A,
and Acoupler indicate net cross-sectional area of pier, and
cross-sectional area of couple composite.

The resulting apportioned values of axial compressive load
experienced by the RC pier and partitioned load incurred by
individual coupler conforming material and geometric prop-
erties (given in Table 2) using Equations 1, 2, 3 and 4 are
shown in Table 3.

Table 3. Design values of respective axial loads.

Pn (kips) (kN) Pn.a (kips) (kN) Pns (kips) (kN)

1308.20 (5819.16) 1310 (5827.17) 3.01 (13.38)

3.2. Determination of Dynamic Increase Factor
(DIF)

The dynamic increase factor (DIF) used in this study is
termed as the ratio of the dynamic to static strength of the
element [9]. Reinforcing steel bar being an isotropic and
homogeneous material can dissipate high energy and carries
out substantial impact load [29]. In this research, a repre-
sentative RC (ABC) pier specimen (Figure 2) has been con-
sidered for investigation at impact. Vehicle weight (M) and
impacting velocity (V) of the semi-trailer are considered as
42,108 Ibs (187.30 kN) and 100 ft/sec (30.48 m/sec) respec-
tively and permissible vehicular velocity has been extracted
and considered from the standardized permissible vehicular
speed [19, 36]. Determination of dynamic increase factor
(DIF) as a consequence of vehicular impact and correspond-
ing dynamic performance of steel re-bars are studied at qua-
si-static strain rate condition. Dynamic flow stress (Ggyn) in
steel at impact has been determined by the following Equation
5, as recommended [15]:

som =y [1+(2) |

Where: oy is a static flow stress of for ASTM A 706 [7]
using Grade 60 reinforcing steel bar and is considered as 60
ksi (420 MPa); C is the material coefficient and p is the strain
rate parameters with the values are considered as 40 and 5
respectively [35]. Quasi-static to high strain rate of steel bar ()
has been approximately considered as 0.16 s for the vehicle
velocity 100 ft/sec (30.48 mtr/sec) [36] to assess the post
impact scenario from the time of collision considering high
strain rate non-linear loading, and ductile behavior as the RC
pier is under the axial compression and experiencing of
transverse load [37]. From Equation 3, Dynamic flow stress
(oayn) has been evaluated as 79.8 ksi (550.20 MPa).

Using Equation 3 and, the dynamic parameter ‘€’ can be
computed by using the Equation 6 [25, 26].

©)
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£ =0.019 - 0.009 » (22 (6)

Where: £ is a dynamic parameter which depends on the
dynamic yield stress of steel at the strain hardening zone, and
Gayn is the dynamic flow stress at uni-axial plastic strain rate of
steel.

However, & is evaluated as 0.0172 after replacing cgyn (US-
ing Equation 4) as 79.8 ksi.

Dynamic Impact Factor (DIF) can be evaluated from
Equation 7 by using & computed from Equation 5 [21, 26].

S)f

1074

DIF = ( (7
Where: DIF is the Dynamic Impact Factor, & is dynamic

parameter, and ¢ is the Quasi-static strain rate of steel re-bar.
Equation 5 yields the analytical DIF result as 1.053.

3.3. Computation of Analytical Static and
Dynamic Forces of Coupler

Static impact force (Is) due to vehicular collision can be
computed from Equation 8.

®)

Where: I is the static impact force, W is the semi-trailer
weight (42108 Ibs or 19099.87 kg-wt); V is the maximum
permissible impact velocity considered as 100 ft/sec (30.48
m/sec) [15] and t is impact duration considered as 40 ms
(milli-second) [10] in this present study, and h, is the height of
impact from foundation top as shown in Figure 3.

Inserting values in Equation 6, yields Is as 105270
kip-ft/sec® or 142114.50 kN-m/sec? (corresponding equivalent
load is 3271.896 kips or 14554.12 kN) [8, 10].

Corresponding static moment (M) exerted by the pier from
vehicle impact can be determined by using Equation 9.

M= Is.hy )

Where: M; represents the static moment incurred by RC
ABC bridge pier, and h, is the height of impact at pier con-
sidered from the foundation top.

By using load apportioning method after multiplying M; (as
shown in Equation 8) by the area ratio (Acoupier /Aner), the static
moment experienced by single coupler (M) can be ap-
proximately determined from using Equation 10.

Acoupler)

M, = M ( (10)

Anet
The corresponding approximate dynamic moment experi-

enced by single coupler (Mgyc) has been evaluated from

Equation 11 in order for carrying out the analytical model.
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Mgync = DIF. Mg, (11) 22.257 kip-ft (30.17 kN-mtr). The corresponding dynamic

coupler moment (Mgync) is computed from Equation 11,

Where: M. and Mgy, represent static and dynamic mo-  yields 23.437 kip-ft, (30.18 kN-mtr), and are as shown in

ments experienced by single coupler from vehicle impact via ~ Table 4. As the dynamic properties cannot be estimated di-

load transmittance, and DIF represents the dynamic increase  rectly due to short duration collision, it can be indirectly es-

factor. timated by using DIF of reinforcing steel bar used in the RCC
Equation 10 yields static single coupler moment (M) as  [24].

Table 4. Computation of Coupler Moment (AFDC 2018).
Is (kips) (kN) h’ (feet) (m) M; (Kip-ft) (kN-m) DIF Mayn (Kip-ft) (kN-m)

3271.89 (14554.12) 3 (0.91) 22.26 (30.16) 1.053 23.44 (31.78)

Computed fractioned loads for axial compression (P,s) as  used for performing static and explicit dynamic analyses to
computed for individual steel bar is of 3.01 kips (13.40 kN) develop FE models for simulations and to obtain respective
and has been already discussed in Section 3.1. The appor- results. In order to develop the model, hollow cylindrical cast
tioned transverse load at the free end of individual steel rebar iron splice-sleeve (36 ksi or 248 MPa) is used along with 6 ksi
(8 in. edge, as shown in Figure 4) developed from the static ~ (41.36 MPa) grouting and # 8 reinforcing streel rebar em-
moment (M) from vehicle impact, which in furtherance in-  bedded into the grout, as shown in Figure 2. For all different
curs moment at coupler-steel bar junction in pursuance of  material’s connections, composite section is considered for
conservative analyses (Tables 2 and 4) yields as 22.257 kip-ft. developing the model. The mesh size considered for the sim-
(31.54 kN-m). This results substantial stress in the cou-  ulations followed after mesh-independence is considered as
pler-steel bar junction resulting high deformation (as shown in 0.01 in. (0.254 mm). Steel rebar’s conforming specified yield
Figure 11). strength (60 ksi or 420 MPa) are embedded and extended from

However, in this study, static and corresponding dynamic  coupler in both sides are 8 in. (20.32 cm) and 6 in. (15.24 cm)
analyses are performed, and each result is compared to predict respectively, as shown in Figure 4. The external surface of the
the material properties in demand with the impact scenario. splice-sleeve model is considered as fixed in the peripheral
Dynamic properties cannot be measured directly due to short  surface as it is embedded and placed in the foundation con-
duration collision and non-linear trend, but using DIF, dy-  crete. The free end of the 6 in. side is also considered as fixed

namic moment (Mgyn ) at coupler-rebar junction can be well (as shown in Figure 4) as it is extended within the foundation
estimated. This also is subjected to significant stress (as  and received adequate development length.

shown in Figure 5) developed in coupler rebar junction as a To compare the DIF’s computed from numerical simula-
post effect of short duration impact. However, energy dissi-  tions comprising of FEA model with the analytical results,

pation occurs substantially during and immediate after the stress ratio (Gayn/ Ostaric) 1S considered using steel strain rate

impact controls pier behavior and addressed the correspond-  from Equation 4. The peripheral surface of the grouted cou-

ing failure pattern [24]. The performance of the plastic failure pler is considered as no lateral displacement in any directions

zone as corresponding to its stiffness warrants flexural as it is embedded in concrete, and hence considered to be

members as it governs the load capacities of the post im-  fixed the equivalent fractioned forces are applied to the larger

pacted member [41]. end of steel bar of the model as shown in Figure 4. Appor-

tioned horizontal impact (shear) and axial forces (flexure) are

.. . deployed on the model from the respective external moment

4. Finite Element MOde“ng (FEM) for and axial compressive force of pier at the free end (8 in. edge

Grouted Coupler of steel bar from pier base or foundation top within pier) and

is shown in the respective Tables 3 and 4. Load conditions

In this study, finite element modeling (FEM) has been ex-  along with the boundary conditions of coupler-steel bar model
tensively used to predict the individual coupler performance are also shown in Figure 4.

at vehicle impact. The commercial FE software ‘ANSYS’ is
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Figure 4. End conditions and Load model for FEM of coupler-rebar.

Material properties incorporating composite model for addressing splice sleeve and grouted coupler used in this study are
developed and carried out using numerical modeling (FEM) under vehicle impact. The various material properties utilized in this
study are extracted from manufacturer’s data and are as shown in Table 5.

Table 5. Material properties utilized for FE Modeling.

SL. No. Properties

Density (pci) (kN/m?)

Young's Modulus (psi) (MPa)
Poisson's Ratio

Bulk Modulus (psi) (MPa)

Shear Modulus (psi) (MPa)

Tensile Yield Strength (psi) (MPa)
Tensile Ultimate Strength (psi) (MPa)

Lo N oo o B~ W N P

Compressive Ultimate Strength (psi) (MPa)

4.1. Meshing of Grouted Coupler

Square mesh is considered for the entire grouted coupler
and rebar model (as shown in Figure 5) along with
splice-sleeve undertaken for the analyses as 0.01 in., for all
elements. Mesh sizes are further reiterated from 0.1 in., and
0.05 in. respectively to carry out the sensitivity analyses
showing if any variation exist. For all three different materials
and their attachments, non-separable contact has been incor-
porated to act as a monolithic behavior of the model under
vertical axial compression and horizontal impact for model-

Grouted
Coupler

Steel bar

Cast Iron Grout Steel Rebar
0.284 (77) 0.083 (22.53) 0.284 (77)

29*10° (2*10°) 43.51 (0.3) 29*10° (2*10°)

0.3 0.3 0.3

2.42*107 (1.6*10°) 2.26*10° (1.6*10% 2.42*107 (1.6*10°)
1.12*107 (7.7*10%) 1.84*10°(1.26%10%  1.12*107 (7.7*10%)
3.62*10% (249.6) 0 3.62*10% (249.6)
3.62*10* (249.6) 0 6.67*10" (459.8)

0 5.95*10° (41.02) 0

ling flexure and shear. During simulation, high frictions are
developed at the contacts of all inter material surfaces. The
coupler-rebar model considered in this study shows large
deformation because of transmitting horizontal load while RC
bridge pier experiences high strain rate velocity vehicle im-
pact load. Figure 5 shows FE model representing the grouted
coupler and rebar consisting of mesh size of 0.01 in® (0.254
mm?). Results are evaluated in terms of static and dynamic
performances of the grouted coupler experiencing transmitted
impact from RC bridge pier hit by high velocity semi-trailer.

Steel rebar

Cast iron

(@)

Figure 5. Meshing of FEA Modeling for grouted coupler (a) longitudinal view, and (b) top view.

21


http://www.sciencepg.com/journal/eas

Engineering and Applied Sciences

http://www.sciencepg.com/journal/eas

4.2. Mesh Sensitivity Study of FEM

Mesh independence analyses are performed for respective
mesh sizes of 0.1 in., 0.05 in. and 0.01 in, where results from
strain and total deformation are considered for both static and
dynamic considerations. Mesh independence with proximity
is observed from the results comprised by numerical simula-
tions developed by using ANSYS model for both static and
dynamic considerations. In the present study, simulation is
performed for individual mesh size, and is considered for the
optimization. Results depicting from the mesh independence
study to carry out sensitivity analyses involving different
mesh sizes and compare with the results of the total defor-
mation and equivalent strain are shown in the respective
Figures 6, 7, and 8 incorporating deformations and corre-
sponding equivalent strain. Mesh sensitivity studies to in-

corporate static results are precisely shown in Figure 6,
whereas the results from dynamic performance comprising
deformation and strain for different mesh sizes are shown in
Figures 7 and 8 respectively. Different mesh sizes for pursu-
ing sensitivity analyses show the results are within proximity.
However, in this study, 0.01 in® (0.254 mm?) mesh sizes are
considered for static and explicit dynamics analyses using
commercial software package, ANSYS. Figures 7 and 8 ad-
dress results for time dependent total deformations and
maximum strain concerning respective mesh sizes of 0.1 in?,
0.05 in? and 0.01 in% Results illustrating static and dynamic
analyses incur mesh independent and sensitivity study, de-
termine total deformation and strain in the grouted coupler
model embedded within the RC bridge pier experiencing
vehicle impact.
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Figure 6. Mesh Sensitivity for Total Deformation and Equivalent Strain (Static).
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Figure 7. Mesh Sensitivity for Total Deformation (Dynamic).
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Figure 8. Mesh Sensitivity for Maximum Strain (Dynamic).

4.3. Uncertainty Assessment Using Confidence
Interval (CI)

Confidence Interval (CI) has been utilized to capture the
degree of uncertainty for assessing the numerical results

evaluated from dynamic simulation using normal distribution.

Cl is also able to evaluate the probability that a parameter
falls between a pair of values around the mean. Thus, the
confidence interval (CI) is utilized to assess uncertainty, and
determined via using mean (p), standard deviation (SD),
confidence level (z) and sample size (N) (as shown in Table 5)
and is as shown in the Equation 12 [11].

Cl=p+z 12)

SD
N

N

Where: p is the mean of sample size, SD is the standard
deviation, N is the sample size considered as one thousand
data, and z is the confidence or significance level considered
as 98%.

Cl data to capture the uncertainty is shown in Table 6.

Table 6. Input Data for CI.

Input Variables 6p (psi) €D Ep (psi)
Significance Level (2) 0.02 0.02 0.02
Mean (i) 668798.4  0.023975 32417194
Standard Deviation (SD) 628000 0.008989 628000
Sample size (N) 1000 1000 1000

5. Results

5.1. Results Using Finite Element Model (FEM)

Modeling’s in furtherance of analyzing for stress induced,
governing strain and deformation are carried out by using
commercial software package, ANSYS, in order for per-
forming static and explicit dynamic simulations. Static anal-
yses are conducted for both scaled-down axial compression
and the impact experiencing by each grouted-coupler and
reinforcing steel rebar. Further analyses using explicit dy-
namics are also undertaken and the results including stress,
strain and deflection are compared with the results from stat-
ics. Substantial deformations are observed from the results of
both static and dynamic analyses. However, almost the failure
is identified at the junction of steel rebar and coupler, and
observed from the deformations in both the directions, paral-
lel and perpendicular to the load of 1.375 in. (34.925 mm) and
0.119 in. (3.023 mm) for static (Figure 12), and 2.38 in. (60.45
mm) and 0.11 in. (2.794 mm) for dynamic (Figure 16), re-
spectively.

5.1.1. Results Showing Finite Element Model in
Performing Static Analysis

Results from static analysis present considerable defor-
mation at the steel rebar. Deformations in both X and Y di-
rections seem uniform, as 0.12 in. (0.004 mm.) and as shown
in Figure 8. High strain concentrations and significant stress
are observed in the contact of grouted coupler and steel rebar
as shown in the Figures 9 and 11. Maximum permissible
modulus of elasticity (material modulus to be considered as
Maximum stress / Maximum strain) requirements from the
simulation results subjected to static strain is 1.38 (Figure 10)
and static stress (Figure 11) is 8.51*10° psi (5.8*10° MPa),
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whereas modulus of elasticity for steel rebar at the coupler
junction demands as 6.17*10° psi (7.57*10° MPa), which
endorses material property safe enough as material E-modulus
incorporating rebar in this study has been considered as

011977 Max

-0.09532
-0.12221 Min

5000 1,000 {ir

Pl
7500

(@)

Figure 9. (a). Directional deformation in X-axis; (b).
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29*10° psi. Time-dependent static strain and stress are shown
in Figure 12. However, maximum strain and stress concen-
tration at coupler-rebar junctions are considered for con-
servative approach and safety.
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Directional deformation in Y-axis.
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Figure 11. Static stress.
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Figure 12. (a). Time-dependent Static Strain; (b). Time-dependent Static Stress.

5.1.2. Results Showing Finite Element Model in
Performing Dynamic Analysis

Results from dynamic analyses show significant defor-
mation at steel rebar with high stress and strain concentrations
at the contact of grout and steel rebar, as shown in Figures 13
to 15. In analyses, directional deformations seem quite dif-
ferent in the respective directions (3.15 in. and 0.12 in. along
X and Y directions as shown in Figures 12 (a) and 12 (b)).
Maximum permissible modulus of elasticity [Maximum Dy-
namic Modulus = Maximum dynamic stress / Max. dynamic
strain)] requirements from simulation results subjected to
dynamic stress and strain are 6.25*10° psi (1.82*10° MPa),
and 0.2 which exceeds material E-modulus incorporating
rebar in this study. Using maximum dynamic stress (Figure 14)
over dynamic strain, material modulus demand (maximum
dynamic stress / maximum dynamic strain) is computed as

0023691 Max
0.021058
0.018426

0.015734

0.013161

0.010529

0.00780€3

0.0052646

0.0026323

0 Min

0,000 5,000 10,000 (in)

¥
g &

2.500 7.500

@)

31.25*10° psi (2.15*10° MPa), whereas material E-modulus
considered as 29*10° psi (2.1*10° MPa). However, demand of
material modulus for dynamic over modulus captured from
FE analysis is computed as 1.07, whereas the numerical DIF
has been computed as 1.053 which commends a decent
proximity between material and dynamic property. This result
demands higher material modulus of reinforcing steel bar to
execute improved performance on impact without undergoing
large deformation. However, stress concentrations and strain
shown at grout are remarkably high that controls design pa-
rameters. However, significant bond failure or spalling are not
observed from the results albeit steel bar and grout experience
higher strain followed by large deformation. Time-dependent
static strain and stress are shown in Figure 16. However,
conservative approach to determine maximum instantaneous
strain and stress concentration at junctions are considered to
avoid variations.
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Figure 13. (a). Directional deformation in X-axis; (b). Directional deformation in Y-axis.
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Figure 15. Dynamic Stress.
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Figure 16. (a). Time-dependent Dynamic Strain; (b). Time-dependent Dynamic Stress.

Time-dependent dynamic deformations are also captured
from utilizing explicit dynamic simulations. Significant plas-
tic deformations as the result of dynamic impact load appli-
cation parallel and perpendicular to it are as shown in Figures
17(a) & 17(b). Deformation that takes place parallel to the
load seems significantly higher than that of the perpendicular.

However, in order for avoiding variations in deformations in
different directions as a function of time, dynamic simulation
to determine maximum plastic deformation is considered for
being safety, and as a part of conservative approach. in dif-
ferent directions.
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Figure 17. (a). Deformation parallel to load; (b). Deformation perpendicular to load.

5.1.3. Results Showing Coupler Performing from Dynamic Analysis

Von Mises stress and corresponding strain plotted from dynamic simulations can capture the material property (dynamic
modulus of elasticity) via regression analysis, come up with non-linear trend of performance function (g) of dynamic stress
concentration and the corresponding dynamic strain are as shown in Figure 18.
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1200000 y = 4E407x2 + 3B+07x
2= OC
1000000 R*=0.9955
=) 800000
=
6 600000
400000
200000

0
0 0.01 0.02 0.03 0.04 0.05

Ep

Figure 18. Dynamic Stress and Strain Relationship to capture material properties.

From Figure 18, regression results plotted with R? value of ~ impact performance function.
0.99 to capture post impact performance of coupler is as

shown in Equation 13. 5.2. Integrity Analysis of the Model

g(op,&p) = 0op —4.107. 52 —3.107. ¢ (13) Due to variations in static and dynamic simulations results

and complexities involved to capture material modulus as a

Where: op is the dynamic stress concentration at the pier ~ post impact performance, and exceedance of dynamic over
due to impact and ¢p is the dynamic strain, and g is the post  static and material modulus, dynamic results for material
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modulus as demand are considered to capture post impact cri-

teria. The mean (), covariance (V) and standard deviation (SD)

of dynamic simulation results used to determine post impact
performance integrity from dynamic stress and strain are shown

in Table 7. One thousand simulations of dynamic stress and
strain were developed by using random variables having in-
corporated stress (6D), strain (D), and material modulus (Ep).

Table 7. u, V and SD for dynamic stress, strain, and modulus of material (E).

Variables n

ob 6.74*10° psi (4647.06 MPa)
€b 0.024

Ep 2.65*10° psi (1827.11 MPa)

\Y; SD
0.383 2.58*10° psi (1778.84MPa)
0.38 0.0091

0.237 6.28*10° psi (4329.91 MPa)

The results using ‘RAND’ function generated from random variables are shown in Figure 19, comprising integrity analyses
conducted from the dynamic simulation results utilizing Table 4.

1800000
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=~ 900000
o

600000

300000

0

€p

Figure 19. Results of the Integrity Analysis from Dynamic Stress and Strain.

From Figure 19, high-precision non-linear results from FE
simulations are plotted via regression analysis to precisely
capture the post impact dynamic performance of coupler
using integrity analyses and is as given in Equation 14. This
equation will help to provide high accuracy results via linear
relationship with R? value of 0.76 from the regression result of
specific impact scenario comprising post impact dynamic
stress and strain concentration at coupler region.

g(op,ep) =0p —2x107.¢p (14)

Where: op is the dynamic stress concentration and gp is the
corresponding dynamic strain at the coupler, and g is the post
impact performance function as expressed in terms of stress
and strain.

High precision dynamic simulations are carried out to
capture the uncertainty of material performance and its be-
havior in terms of dynamic modulus of demand (beyond
elastic limit) via regression analysis, and the results come up
with a linear trend of performance function (g). The perfor-
mance function (g) addresses linear trend to best capture of
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dynamic stress and the corresponding dynamic strain con-
centration at coupler-rebar junction resulted by specific vehi-
cle impact load comprising with a little flexible R? value due
to large dataset.

5.3. Uncertainty Assessment Using Confidence
Interval (CI)

Confidence Interval (Cl) has been utilized to measure the
degree of uncertainty for assessing non-linear results evalu-

ated from dynamic simulation comprising stress (o), strain
(g), and material modulus (Ep) of coupler materials resulted
in during dynamic impact event. The uncertainty in the result
of post impact dynamic event to capture the uncertainty in-
volved is estimated using the confidence interval (Cl) as ex-
hibited in Table 6 is presented in Table 8. The CI results de-
pict the uncertainties in material properties portraying a sub-
stantial variation with the assessment of post-performance
behavior of the coupler material at specific impact load.

Table 8. Results of ClI.

Variables Confidence Value (CV)
op (psi) 46199.18
€p 0.000661
Epb (psi) 46199.18

5.4. Validation of Model

To validate the model for strain variations along with the
stress concentrations at the steel rebar and coupler junctions,
numerical (FE) simulation results from static analyses are
compared with the experimental data comprising the strain
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0 0.03
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(7.15*10°, 6.22*10%)
(0.0246, 0.0233)
(3.24*107, 3.23*107)

and corresponding stresses from the published journal [6].
The model shows a good agreement and positive coherence
with the experimental results in terms of the stress and strain
relationship when apportioned load is transmitted and in-
curred from vehicle impact event on RC ABC bridge pier
through grouted coupler. Validation of model proffers with the
extracted experimental results and is as shown in Figure 20.

0.12

0.09

0.06
Strain

—=— Experimental (Pantelidis et al) —&— Model

Figure 20. Model validation with experimental data [6].

Figure 20 can decently provide a compatible and acceptable
normalized stress and strain results data of the coupler com-
posite at specific high strain rate load and high deformation

incurred by the coupler caused by semi-trailer impact via
utilizing experimental and numerical results.
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6. Discussions

In this research, an attempt has been carried out to predict
the post impact performance of a RC bridge pier considering
flexural response. In predicting its performance, splice-sleeve
along with grouted coupler has been introduced in the bridge
pier base. Stresses from vehicular impact are determined, and
then compared the numerical results using FEA models for
static and dynamic analyses. FEA models are generated in a
conservative way where the apportioned axially compressive
load and moment are incorporated and applied using area ratio
(Acoupter /Aner) o investigate the impact scenario of
splice-sleeve under axial compression. Load has been gener-
ated and applied at the free end of the steel re-bar (Table 2).
Stresses in the pier-base due (maximum stress concentration
at the coupler end) to vehicular impact are analyzed for
maximum stress concentration, strain compatibility and de-
formations. Stresses resulted due to impact and the dynamic
amplification effect draw an insightful correlation between
DIF’s computed analytically (1.053) and numerically from the
FE simulation (1.07) using the ratio of E-moduli (Dynamic
modulus / Material modulus). FEM analyses present a little
conservative result correlating proximity to the realistic. Due
to variations in static and dynamic simulations results and
complexities involved to capture material modulus as a post
impact performance and exceedance of dynamic over static
and material modulus, dynamic results for material modulus
as demand are considered. The following observations per-
ceived from this research are as shown:

1. The study depicts a little conservative result due to the
boundary conditions deployed, and hence seems more
realistic in design as far as dynamic effect is concerned.
No further mesh refinement is necessary to predict split
or spalling. Results shown from the exact solution while
experiencing DIF of 1.053 (i.e., 5.3%), whereas mate-
rial properties with a DIF of 1.07 (i.e., 7%) in terms of
dynamic modulus of elasticity demands a little more
conservative of 1.6% increment. FEM simulations are
used to determine and validate DIF computed analyti-
cally. DIF computed by using analytical method and
numerical simulations are quite similar, with 1.6% dif-
ference. This indicates high stress concentration in re-
inforcing steel bar-coupler junction. From steel defor-
mation, it seems critical in steel bar due to conservative
modeling.

2. Maximum stresses developed at the contact of steel
rebar and coupler zone. This seems almost failure fol-
lowed by large deformations in dynamic performance
governing the control of material property. On the other
hand, significant deformations are also observed along
both the axes without failure in steel rebar for static
performance.

3. The time dependent static strain and stress results are
predicted from simulations and plotted by incorporating
high strain rate. Dynamic performances of the steel and
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concrete composite system and its post impact behavior
are further assessed and as shown in Figure 17 (a & b).
Non-linear stress and strain concentration during spe-
cific vehicle impact is plotted (Figure 18) and the results
are expressed in Equation 13. To precisely obtain stress
and strain, linearized model is developed and captured
via utilizing Equation 14. Integrity analysis of dynamic
stress-strain resulted from simulation has been further
undertaken through regression method. Results from
regression analyses (Figure 19) are capable to capture
material property while undergoing substantial defor-
mation. From confidence interval (CI) the material
property warrants about dynamic impact event as the
dynamic demand (Ep) of coupler material exceeds the
material modulus of elasticity (E).

4. Validation of model from the results of static stress and
strain are compared with the experimental data and is as
shown in Figure 20. This study also represents positive
correlation of the model compared with the published
data extracted from the experimental results. Risk
analysis has been conducted using confidence interval
and the results are shown in Table 8.

7. Conclusions

In reinforced concrete (RC) structures, piers are usually
the most vulnerable members to collisions due to their ex-
posed face and slender behavior. In particular, the desired
characteristics and the associated impact performance levels
of a structure during a vehicle collision are not well defined.
Therefore, there is a need to assess the accountability of ex-
isting structures against such collisions, and proffer solutions
to limit such susceptibility and enhance its performance level
to withstand impact force. A specific method to assess the
material capacity and demand of the coupler to its dynamic
post impact performance are studied in this research. Based
on the comparison of analytical studies, FEM simulation
results, and its validation with the experimental results pub-
lished in journals, the following conclusions can be drawn:

1. Studies are performed for comparing analytical and
numerical analyses (FEM) comprising static and dy-
namic force models to assess moduli in demand to
withstand high strain rate dynamic impact load and are
compared with the corresponding material’s moduli. To
assess material performance, dynamic modulus is
compared with the material modulus to compute DIF in
demand, to come up with a good trade-off and agree-
ment on material calibration utilizing approximate
evaluation of the transmitted short duration dynamic
impact loads.

2. Performance based studies of the impacted coupler are
executed and presented for short duration impact where
steel strain rates play significant role to determine the
large deformation. Steel strain rate which is a function
of DIF directly influences the resulting stresses in the
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coupler-steel bar junction as shown in the Figures 18
and 19. This observation can help providing a fair
agreement about material viability at impact, resolving
shortcoming of material performance, and improving
resilience and short duration impact behavior.

3. This research is also an attempt to investigate the ma-
terial requirement for enhancing resistance. A reasona-
ble 7 to 10% strength enhancement in material modulus
is recommended for the cast-iron of splice-sleeve and
steel bar to safely withstand high velocity vehicle im-
pact without failure. This study instills an insightful
idea and realistic correlation to accomplish material
properties that can be safely predicted to ascertain es-
sential criteria and perform useful calibration.

4. The integrity study utilizing simulation results will help
to precisely detect high accuracy results at coupler from
vehicle impact scenario. This will also provide im-
proved information on material behavior and post im-
pact performance for enhancing future calibration.

5. Risk analysis conducted using CI provides a clear un-
derstanding and precisely using the uncertainty param-
eters involved in analyzing connector at impact, deter-
mines the material’s post impact behavior in with-
standing specific dynamic impact performing as com-
posite section. This concludes material’s properties
need to be upgraded.

However, high precision experimental studies involving
various geometries, material properties and different impact
scenarios are recommended before considering accelerated
bridge constructed (ABC) piers for widespread use.

The data conversions undertaken in this research from US
Customary to Sl and vice-versa are shown in Table 9.

Table 9. Conversion Chart for the US Customary to the Equivalent SI
Units.

US Customary Sl Unit

1 ksi 6.89 MPa (kN/mm?)

1 ksi 6894.76 KN/m®

1 kip-in 0.113 KN-m

1 kip 4.45 kN

11lbs 0.00445 kN

1 mph 1.61 km/hr

1 ft-Ib/sec 0.00136 kN-m/sec (1.36 N-m/sec)
lin 0.0254 m (25.4 mm)

1 foot 0.3048 m (304.80 mm)
1 pei 271.4471 kKN/m®

1 psi m?
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Abbreviations

AGrout
Acoupler
ECI
EGrout
EConcrete

Eq

m

Gp

€p

Ep
Candp

Is

Ms,c
Mdyn,c
I\/Idyn

DIF
Cl

SD

Concrete Strength

Gross c/s area of pier

Cross sectional area of reinforcing steel
Net cross-sectional area of pier
Cross-sectional area of each steel rebar
Cross-sectional area of splice sleeve (cast iron)
Cross-sectional area of grout
Cross-sectional area of hollow splice-sleeve
Material modulus of cast iron

Material modulus of grout, concrete
Material modulus of concrete

Material modulus of reinforcing steel rebar
Energy dissipation

Yield strength of steel

Axial load of RC pier

Axial load of reinforcing steel rebar
Scaled-down design axial rebar load
Dynamic flow stress

Static flow stress

Quiasi-static strain rate of steel re-bar

Pier diameter

Height of impact from pier base

Stress

Strain

Modulus of elasticity of coupler

Stress

Strain

Modulus demand of coupler at dynamic impact
Dynamic parameter

Material Constants

Static impact force

Vehicle weight

Static moment for each coupler

Static moment incurred by each coupler
Dynamic moment incurred by each coupler
Dynamic moment for each coupler

Impact duration (sec)

Dynamic Increase Factor

Confidence interval

Mean

Standard deviation,

Confidence level

Sample size
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