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1  Introduction
Bridge piers experience highly dynamic loading due to a variety of loading conditions 
including seismic events, blast events, and vehicular collisions. This may cause health 
deterioration of the column ranging from cosmetic damage to collapse. The other 
mechanisms comprising of dynamic impact loads (vehicular collisions and blast) have 
received more attention for traditional RC bridge piers. However, the performance of 
connections used in present day bridges including accelerated bridge constructions 
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(ABC) to withstand high strain rate loading from vehicle impacts is relatively 
unknown. Despite different studies showing that vehicular collisions with bridge ele-
ments are the most common dynamic impact scenario, especially with the increasing 
volumes of vehicular traffic (Sharma et al. 2015). As such, it is imperative to investi-
gate the response of reinforced concrete bridge (RC) piers to vehicle collisions and 
also possible methods of enhancing the capacity of the piers to withstand such events.

Investigations into the failure mechanisms of bridge piers subjected to vehicular 
impact have shown that the failure of these members will primarily occur from exces-
sive shear as well as overturning moments occurring at the column base (El-Tawil 
et al. 2005; Thilakarathna et al. 2010). Recent studies of the structural reliability of RC 
columns subjected to sequential loading of blast and vehicular impact have shown 
that the structural reliability of the columns are particularly sensitive to the shear 
reinforcement, column diameter, and reinforcement ratio (Thomas et  al. 2018; Roy 
et al. 2022). This implies that an increase in the stiffness of the column could possibly 
help it withstand the external forces caused by vehicular impact. Traditional pier sec-
tions have been studied as a means of increasing the stiffness of reinforced concrete 
(RC) columns to improve their seismic performance, energy dissipation (Roy and 
Sorensen 2021a), failure mechanism in terms of crack propagation (Roy and Sorensen 
2021b), and to overcome the development of plastic hinges (Ebrahimpour et al. 2016; 
Girão Coelho et al. 2012; Pantelides et al. 2014; Tazarv and Saiidi 2016). The failure 
mechanism of the grouted coupler at the post behavior from vehicle impact at high 
strain rate loading has been presented in this study. However, the effect of these cou-
plers performance on the response of these piers to vehicle impact is still relatively 
unknown, and hence needs an additional scrutiny.

This study presents the grouted coupler section undergoing short duration vehicle 
impact load to predict the coupler behavior, material properties and post impact perfor-
mance as well. Splice-sleeve along with high grade concrete grouted coupler are placed 
where plastic hinges are highly expected to form (Ebrahimpour et  al. 2016), particu-
larly at the pier and pier-foundation junction. 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 column base for individual coupler. However, 
precise assessment of the performance of splice-sleeve along with grouted coupler used 
in ABC needs deeper attention to be carried out (Ameli et al. 2016).

To analyze the impact characteristics of grouted coupler, it is placed in the pier- foun-
dation connection in order to evaluate the performance standard of the splice sleeve and 
grouted coupler mechanism as a composite material (Jacob et al. 2004). 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 plastic hinges (Tazarv and Sai-
idi 2016; Thomas et al. 2018). In the present study, splice-sleeves along with high grade 
concrete grouted coupler are embedded into the pier-foundation, placing the founda-
tion top and the coupler cross-section in the same level. As such, failure mechanism of 
each coupler along with the material properties need rigorous prior investigation before 
recommending its widespread use in foundation-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 (Zhou et al. 2017).
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The importance of this holistic study is to examine static and dynamic characteristics 
of the single grouted coupler material used in RC ABC bridge pier to withstand short 
duration vehicle impact. In order to assess post impact behavior and enhancing the per-
formance level, study of coupler on dynamic load requires additional scrutiny. In addi-
tion, to determine the stress-strain relationship of the coupler region and to directly 
capture stress and strain levels, some physical properties of the coupler system are stud-
ied comprising from uniaxial stress and strain system by utilizing the rebar stress and 
strain level.

2 � Representative reinforced concrete (RC) pier
In this study, a representative circular reinforced concrete (RC) pier section is con-
sidered (as shown in Fig.  1). The concrete in the pier is specified to have a compres-
sive strength of 3 ksi (20.68 MPa) and the reinforcing steel a yield strength of 60 ksi 
(413.68 MPa). The unrestrained length of the pier is taken as 8.6 ft (2.62 m) with circu-
lar cross-section throughout (Grouted splice sleeve connectors for ABC bridge joints in 
high-seismic regions – transportation blog n.d.) as shown in Fig. 1.The outer diameter 
and the inner diameter (h) of the concrete column are 21 in. and 18 in., respectively. The 
pier has primary reinforcement of 6 no. 8 ASTM 706 Grade 60 steel reinforcing-bars and 
shear reinforcement of # 4 steel rebars at 2 1

2
 inches center to center (pitch) spirally con-

forming to the ACI minimum shear reinforcement criteria (ACI 2011). In addition, the 
representative pier also satisfies the shear reinforcement criteria for rebar diameter, and 
pitch of the spiral reinforcement (Furlong 2014).

3 � Nominal moment strength (MN) of reinforced concrete pier
Material and sectional details of the representative test column used in determining the 
nominal moment capacity are shown in Table 1.

The detailed cross section with stress block diagram of the pier is further shown in 
Fig.  2. As per ACI specifications, a balanced strain condition is considered to exist at 
a cross-section where the tension steel reaches the strain corresponding to the yield 

Fig. 1  a Representative RC bridge pier, b Section A-A
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strength of the steel (fy) as the concrete crushing strain reaches its maximum value of 
0.003. Thus, strain εy here, is determined as the yield strain of steel i.e. 0.00206 (fy / Es) 
(ACI 2011).

Table 1  Representative test pier details

Compressive Strength of Concrete (f ’c) (psi) (MPa) 3000 (20.68)

Yield Strength of Longitudinal Steel (psi) (MPa) 60,000 (413.68)

Modulus of Elasticity (concrete) (psi) (MPa) 3.12 × 106 (21,511.64)

Modulus of Elasticity (steel) (psi) (MPa) 20 × 106 (1.38 × 104)

β1 0.85

Modular Ratio (n) (Es / Ec) 9.295

Diameter of Column (in.) (cm) 21 (53.34)

Concrete Cover (in.) (cm) 1.5 (38.1)

Diameter of Longitudinal Steel (in.) (cm) 1 (25.4)

Diameter of Transverse Steel (in.) (cm) 0.5 (12.7)

Height of Column (in.) (m) 102 (2.6)

Fig. 2  Column section with strain and stress block diagram
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To determine the nominal moment capacity of the reinforced concrete section, 
a procedure as laid out by Hsiao is followed (Hsiao 2012). First, the distance of the 
extreme compression fiber to the neutral axis of the section is determined as shown 
in Eq. 1 (MacGregor et al. 2012).

Where: dt is the distance from the extreme compression fiber to the extreme ten-
sion steel and calculated as; dt = h – cover – diameter of main bar – diameter of stir-
rup bar, and εy is the yield strain of the reinforcing steel.

The depth of the ‘Whitney’ equivalent rectangular stress distribution in concrete for 
the balanced strain condition is then determined using Eq. 2.

Where: β1 is 0.85 for f ’c ≤ 4000 psi (27,579.03 kN/m2) (ACI 2011).
The properties of circular compression block including its gross concrete area and 

centroid are then computed and as shown in the Eqs. 3 to 5 (Hsiao 2012).

Where: h is the diameter of the column, ab is the depth of the ‘Whitney’ block as 
determined in Eq.  2, Acb is the area of the circular compression block and X  is the 
centroid location of the compression concrete block.

The computed area of the compression block is next used to determine the com-
pression force in concrete for circular compression block, Cc, as shown in Eq.  6 
(MacGregor et al. 2012).

3.1 � Computation of the strains, and forces in tension and compression steel

Referring to Fig. 2 and from the geometry of similar triangles, strains in different fib-
ers (εs1, εs2, and εs3) are computed, and using the computed values the forces in the 
steel (T1, T2, Cs1 and Cs2) are determined as, T1 = As fy, T2 = As *Es*εs3, Cs1 = As (fy – 
0.85*f ’c), and Cs2 = As (εs2* Es – 0.85f ’c).

The computed parameters are then used in calculating the nominal moment capac-
ity (Mn,g) for the gross concrete area of the column (Fig. 1) as shown in Eq. 7 (Hsiao 
2012).

(1)xb =
0.003

0.003+ εy
(dt)

(2)ab = β1(xb)

(3)α = cos
−1 (h/2− ab)

h/2

(4)Acb =
h2

2

(

α

2
−

1

4
sin 2α

)

(5)X =

[

h3

4

(

sin3α
3

)]

Acb

(6)Cc = 0.85f ′c Acb
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From Eq.  7 and the specifications of the representative RC bridge pier, nominal 
strength of RC concrete for gross cross-sectional area of column was computed as 
3143.3236 kip-in (385.65 kN-m).

A similar process is used to estimate the nominal moment capacity of the core area 
of the column. Core concrete is confined by the laterally placed spiral tie to prevent lat-
eral expansion due to Poisson’s ratio, and incurs the axially compressed overloading due 
to impact. Confined concrete can enhance the performance in terms of capacity and 
deformability due to stress compatibility. The confinement of the core concrete contrib-
utes in improving ductility and after peak-stress deformability in addition to increasing 
the axial load carrying capacity (Karim et al. 2014). The nominal core area capacity, com-
puted using the reduced cross-sectional area is determined to be 2007.206 kip-in (226.78 
kN-m).

4 � Determination of dynamic flexure
This study investigates sections of the vehicular impact scenario on reinforced concrete 
sections. A semi-trailer is considered as the vehicle for the impact event as this repre-
sents a worse-case scenario. Vehicle weight and impact velocity of the semi-trailer are 
considered as 80,000 lbs. (355.86 kN) and 100 ft./sec (30.48 m/sec) respectively to simu-
late a fully loaded trailer condition moving at its allowed speeds on the highway (Speed-
ing and speed limits index and overview n.d.).

As a result of the parameters selected in this investigation, the vehicular impact sce-
nario being studied is of the high-velocity, low duration variety. This will result in a 
high strain rate of loading for both the concrete and steel components of the RC pier. 
Concrete and steel both manifest a peculiar phenomenon when placed under such 
high loading rates (Auyeung et al. 2019). This phenomenon is an observable increase in 
strength capacity of these materials, as a function of the strain rate effect on reinforced 
concrete. As a result, a dynamic impact factor was proposed by (Malvar 1998), to reflect 
this increase on the strength capacity parameters of the reinforced concrete member.

4.1 � Determination of dynamic increase factor (DIF)

Determination of the dynamic increase factor (DIF) reflecting the material behavior 
of concrete and steel during a vehicular impact scenario, involves an estimation of the 
dynamic flow stress from the impact. This dynamic flow stress can be estimated for 
either material. The dynamic flow stress (σdyn) in steel at impact is selected for use as it 
is projected to be the critical component of the member with respect to the coupler sec-
tion. This dynamic flow stress is determined using Eq. 8 (Feyerabend 1988).

Where: σy is a static flow stress and is considered as 60 ksi (420 MPa) for ASTM 706 
Grade 60 steel rebar, C and p are the material constants (Cowper and Symonds 1957; 

(7)Mn,g = CcX + (T1 + Cs1)

(

dt −
h
/2

)

+ (T2 + Cs2)

(

dt −
h
/2

)

/2
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
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
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
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
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Zhou and Li 2018) with values of 40 and 5 [8] respectively. Quasi-static strain rate of 
steel re-bar (έ) is considered as 0.16 sec− 1 for impacting velocity 100 ft./sec (30.48 m/sec) 
(Cowper and Symonds 1957).

The dynamic parameter ‘ξ’ can be computed from Eq. 9 (Malvar and Crawford 1998; 
Mander et al. 1988) and Eq. 8.

Where: ξ is a constant which depends on the dynamic yield stress of steel at the strain 
hardening zone, έ is the strain rate of steel and σdyn is the dynamic flow stress at uni-axial 
plastic strain rate of steel.

The DIF can be computed from Eq.  10 (Malvar and Crawford 1998; Mander et  al. 
1988), using Eq. 9.

Replacing the value of ξ from Eq. 9 to Eq. 10, yields a DIF of 1.053.

4.2 � Computation of static force at impact

The time dependent frontal shock from vehicular impact can be computed using an 
averaged integration of the instantaneous impact force over the range of 50 ms near the 
peak impact force as shown in Eq. 11 (Zhou and Li 2018).

Where: Idyn represents the frontal shock due to impact, Ir, is the peak reflected pres-
sure (overpressure), td

+ is the time instant of the peak impact force, and t represents the 
impact duration.

Developed to estimate the total static force of a vehicle impact from the instantane-
ous peak force occurring during impact, the relationship shown in Eq. 11 captures the 
expected loading history of the impact over time on the RC pier (Zhou et al. 2017) utiliz-
ing the expected sinusoidal loading pattern of the impact event to predict the dynamic 
load from the peak force and the loading time history.

The overpressure represented by Ir, is a function of the kinetic energy (E) from the 
impacting vehicle and can be determined using Eq. 12, Eq. 12 was developed as a rela-
tionship between bending stress developed in the pier from the peak dynamic force of 
impact and kinetic energy using data from various simulated and experimental studies 
(Cao et al. 2019; Gomez and Alipour 2014; Mohammed and Parvin 2013; Zhou and Li 
2018). The bending stress was used in lieu of the impact force so as to capture the pos-
sible effects of geometric variations of the pier in the resulting overpressure from regres-
sion analysis at impact as shown in Eq. 12 (Roy et al. 2021). Boundary conditions of the 
pier is considered as bottom end fixed and top end restrained from displacement and 
rotation (Zhang et al. 2018) is as shown in Fig. 4c.

(9)ξ = 0.019− 0.009

(σdyn

60

)

(10)DIF =

(

′
ε

10−4

)ξ

(11)
Idyn =

∫ td+0.025

td−0.025
Ir sin

(

π t+d
t

)

di

0.05
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Where: E is the kinetic energy, absorbed by the impacted pier, I is the moment of inertia 
of the pier section, L is the height of the pier and c is the perpendicular distance from the 
neutral axis of the cross section to the farthest point on the cross section of the pier, as 
shown in Fig. 3.

Assuming the vehicle comes to rest without rebounding from the pier, the kinetic energy 
(E) equation is determined as same as the kinetic energy (E) of the vehicle using Eq.  13 
(Tsang and Lam 2008).

Where: E is impact energy of the vehicle, Mveh represents the weight of the impacting 
vehicle, and V is the frontal impact velocity of the vehicle causing instability of the column.

4.3 � Computation of external flexural moments

Moments caused by the lateral impact force from vehicle collisions are induced at the base 
of the column as well as at different levels between the point of impact and the base. These 
moments if exceeding the moment capacity of the column could result in structural failure.

Assuming a pinned connection for the RC column, the static moment (Ms) induced by 
the vehicular collision can be determined as shown in Eq. 14.

Where: H is the height (in feet) to compute static moment and Idyn represents the fron-
tal shock due to impact.

(12)Ir =
(

4 × 10
−5E

)

∗
4I

(L.c)

(13)E = 0.5MvehV
2

(14)Ms = Idyn ∗H

Fig. 3  Impact Location and Geometry of RC Bridge Pier (Roy et al. 2022)
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4.3.1 � Dynamic moment

Dynamic moments (Mdyn) to investigate flexural effects at different fibers have been 
determined by static moment (Ms) times the dynamic increase factor (DIF). This is fur-
ther expressed in Eq. 15 as to investigate the increased flexural effect (Feyerabend 1988).

Where: DIF is the dynamic impact factor and Ms is the static moment.

4.4 � Unbalanced moments from static and dynamic impact

Unbalanced moments in the column are caused by the exceedance of the moment 
capacity of the column and by the moments induced by the impact force. These unbal-
anced moments can be resisted by the splice-sleeve and grouted coupler system formed 
by the six couplers (six reinforcing steel bars are embedded into grout), one at the 
base of each longitudinal reinforcement as shown in the Fig. 4a. Determined as exter-
nal static moments at column base for gross and core cross-sectional area minus sec-
tional moments of resistance at gross and core cross-sectional areas, unbalanced static 
and dynamic moments for both gross and core cross-sectional areas are computed as 
shown in Eqs. 19 through 22. Figure 4a and b show the coupler arrangement in a column 
base embedded into the footing. Boundary conditions (fix-fix ended at bottom and top 
end is restrained from displacement and rotation) are shown in Fig. 4c. Computations 
of unbalanced moments are computed while semi-trailer impacts occur due collision at 
different heights in column has been further shown in Fig. 8.

4.4.1 � Unbalanced static moment for gross cross‑sectional area

Static unbalanced moment (Mun,sg) for gross cross-sectional area has been computed in 
Eq. 16, as,

Where: Ms,g is the external static moment for gross cross-sectional area.

(15)Mdyn = DIF ∗Ms

(16)Mun,sg = Ms,g −Mn,g

Fig. 4  Schematic diagram of coupler arrangement in a pier-foundation, b section A-A and c boundary 
conditions and loading type
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4.4.2 � Unbalanced static moment for core concrete area

Static unbalanced moment (Mun,sc) for core cross-sectional area has been computed 
in Eq. 17, as,

Where: Ms,c is the external static moment at core cross-sectional area of concrete 
column.

4.4.3 � Unbalanced dynamic moment for gross concrete area

Dynamic unbalanced moment (Mun,dg) for core cross-sectional area has been com-
puted in Eq. 18, as,

Where: Mdyn,g is the dynamic moment caused due to dynamic impact at gross cross-
sectional area of concrete pier.

4.4.4 � Unbalanced dynamic moment for core concrete area

Dynamic unbalanced moment (Mun,dc) for core cross-sectional area has been com-
puted in Eq. 19, and as shown in Fig. 5.

Where: Mdyn,c is the dynamic moment caused due to impact at core cross-sectional 
area of concrete.

(17)Mun,sc = Ms,c −Mn,c

(18)Mun,dg = Mdyn,g −Mn,g

(19)Mun,dc = Mdyn,c −Mn,c

Fig. 5  Unbalanced moments at pier base while impact at different heights in pier
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5 � Coupler detail to withstand unbalanced moments
Splice-sleeve used for grouted coupler in the column rebar properly embedded and 
placed (Fig. 4) appreciably predicts better performance in dynamic response. Grouted 
couplers are embedded in the foundation to act as a rigid body and in conjunction 
with the foundation, attract the maximum impact force. Foundations are rigid bodies 
and are less slender than piers. So a coupler embedded in the foundation is expected 
to perform better than if embedded in the pier (Pantelides et al. 2014). For this par-
ticular study, the splice sleeve detail recommended as per ‘Splice Sleeve North Amer-
ica’ and ‘NMB General Brochure’ (ICC-ES Evaluation Report ESR-3433 2014) are 
considered and shown in Fig. 6.

For this particular study, sleeve number 8 U-X (ICC-ES Report 2016) has been 
selected for the # 8 ASTM 706 (ASTM 2015) bars used in column for main reinforce-
ment. Splice-sleeve (ICC-ES Report 2016) details used in this study are tabulated and 
shown in Table 2.

Various connection types have been studied for precast concrete bridge columns 
in seismic areas in two major categories of emulative and rocking connections (Girão 
Coelho et al. 2012). The emulative connection for precast components is defined as a 
connection that incorporates special details resulting in a performance that emulates 
that of a monolithic cast-in-place component as shown in the Fig. 7. The steel rebar 
becomes discontinuous at the middle of splice sleeve.

Fig. 6  Splice sleeve specifications as per NMB General Brochure (ICC-ES Evaluation Report ESR-3433 2014)

Table 2  Details of splice sleeve number 8 U-X (ICC-ES Report 2016)

Position Coupler Type Internal Diameter (in) (mm) External Diameter (in) (mm)

W = Wider end 8 U-X 1.89 (48.01) 2.52 (64.01)

N = narrower end 8 U-X 1.3 (33.02) 2.52 (64.01)
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5.1 � Computation of bending stresses at column base

In order to estimate the bending stresses occurring at the column base due to the 
unbalanced moment from the impact, some geometric properties of the column such 
as the distance of the extreme fiber from the neutral axis (NA) as well as the moment 
of inertia need to be evaluated. Determination of bending (flexural) stresses (σb) expe-
rienced by the pier is as shown in Eq. 20 (Ameli and Pantelides 2017).

Where: Mun represents the unbalanced moments for static, dynamic and for both 
gross and core cross-sectional areas (Fig. 4). ‘c’ represents the distance of the extreme 
fiber from in the neutral axis (as shown in Fig. 3), and Iavg, is the average moment of 
inertia of the column cross section.

5.2 � Determination of direct stresses

Direct stress (σo) and design axial compressive load the pier undertaken have been 
computed from the Eq.  21 (Ameli and Pantelides 2017) and 22 (MacGregor et  al. 
2012), respectively.

Where: f ’c is the 28-day concrete compressive strength, Ag is the gross cross-sec-
tional area, Ast is the area of 6 # 8 (1 in. or 25.4 mm diameter) reinforcing bars, and σy 
is the yield strength of the reinforcing steel re-bar.

(20)σb = Mun ∗

(

c

Iavg

)

(21)σo =
Pn

Ag

(22)Pn = 0.85f ′c
(

Ag − Ast

)

+ Astσy

Fig. 7  Grouted Splice-Sleeve

Table 3  Design axial load of RC pier

f’c (ksi) (MPa) fy (ksi) (MPa) Ag (sq-in) (sq-cm) Ast (sq-in) (sq-cm) Anet (sq-in) (sq-cm) Acore,net (sq.in) 
(sq-cm)

3 (20.68) 60 (413.68) 346.361 (2234.58) 4.74 (30.58) 341.621 (2204.00) 341.621 (2204.00)
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Details of the necessary input data for the stress computations are tabulated in Table 3, 
and the resulting stresses in Table 4.

5.3 � Determination of combined stresses governed by grouted coupler

The stress experienced by each coupler (σ) is expressed as the sum of direct stress (σo) 
and bending stress (σb) (Girão Coelho et al. 2012). Known as combined stress, this sum-
mation of stresses is computed as shown in Eq. 23.

Where: σo and σb represent direct and bending stress respectively.
In Eq. 25, (+) and (−) signs indicate tensile and compressive stresses, respectively.
To analyze the response of the reinforced concrete pier to external impact events, two 

scenarios are studied. These are the effect of impact at different heights on the resulting 
moments and stresses at the base of the column as well as the resulting moments and 
stresses at different points of the pier from impact at a particular point.

5.3.1 � Case – I Impact at different heights

Computation of combined stresses at the base in the column for single coupler caused 
by the impacts in column are shown in Fig. 7. Different impact heights are considered 
as the frontal height of the semi-trailer is approximately 3 ft. (1 m). Maximum height of 
impact is taken as 4.029 ft. (1.5 m) to account for possible elevation of the semi-trailer 
bouncing off a bumper just prior to impact. For each single vehicular hit, combined 
stresses (both tensile and compressive) experienced by the column and by extension 
each coupler are shown in Fig. 8.

From the Fig. 9, it can be deduced that there is a linear trend in the stresses with a 
change in height of impact location. The stresses at the base increase as the height of the 
impact location increases. This can be attributed to the increase in the moment gener-
ated at the base with an increase in the distance of the impact from the base. Also, there 
is very little difference in the stresses occurring in the gross and core areas. This means 
that the concrete cover adds only a very limited capacity to the overall capacity of the 
column. However, there is a distinct change in the resulting stresses when the effect of 
strain rate is included using the DIF. The resulting stresses (labeled as dynamic stresses) 
are significantly larger than those from a static loading scenario, indicating that the use 
of static forces without adequately compensating for the dynamic nature of the impact 
loads will lead to overly liberal estimates of the stresses.

5.3.2 � Case – II Stresses at different heights from impact at a single location

Combined stresses at different fiber levels from impact at a constant height of 3 ft is as 
shown in Fig. 9. Direct stress from induced from axially compression load and flexural 

(23)σ = σo ± σb

Table 4  Direct stresses for gross and core cross-sections

Pn (kips) (kN) Pa (kips) (kN) σ0,gn (kip/sq.in) (kN/cm2) σ0,cn (kip/sq.in) (kN/cm2)

687.54 (3058.33) 687.54 (3058.33) 1.98504584 (1.3686) 2.012588401 (1.3876)
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stress from bending caused due to impact are summed up to compute the resultant 
combined stresses for both static and dynamic are as shown in Figs. 10 and 11.

From the results, it can be observed that although the maximum balanced 
moments, and by extension the maximum combined stresses, occur at the base of the 

Fig. 8  Vehicular strike in column at different levels

Fig. 9  Combined stresses in column base experienced by single coupler
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column (i.e. at the maximum distance from the point of impact), moment overpres-
sures also occur at other sections of the column. These moment overpressures result 
in combined stresses exceeding the capacity of the pier. This implies that although 
the use of couplers in the base of the pier may improve its stiffness and thus its resist-
ance to unbalanced moments at the base, the column will still possibly fail at other 
locations away from the base where the coupler has no significant effect. As a result, 
in addition to the use of couplers, other measures need to be adopted to improve the 
moment capacity of the pier and prevent collapse.

Fig. 10  Stresses in column at different fiber levels

Fig. 11  Combined stresses in column at different fiber level
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6 � Finite element model (FEM) of the grouted coupler
To corroborate the results obtained from the analytical analyses carried out, a composite 
finite element model (FEM) consisting of concrete cylinder (3 ksi or 20.68 MPa), cast 
iron hollow cylindrical splice- sleeve, concrete grout (6 ksi or 41.36 MPa), and single 
reinforcing steel reinforcing bar are designed and analyzed using the commercial soft-
ware ANSYS Mechanical. This model is designed to characterize a single coupler unit 
with concrete cover. Hollow cylindrical cast iron splice-sleeve (36 ksi or 248 MPa)) is 
used along steel rebar (60 ksi or 413 MPa) embedded in the splice sleeve. Figure 12 shows 
the designed finite element model (FEM) of the grouted coupler. For all three different 
materials and their attachments, non-separable contacts have been considered to act 
as a monolithic behavior of the model under vertical axial compression and horizontal 
impact. During simulation, high frictions are developed at the contacts of all inter-mate-
rial surfaces. The coupler-rebar model considered in this study shows large deformation 
as a result of transmitting horizontal load while the RC bridge pier experiences vehicle 
impact. Material properties utilized for developing the numerical model are shown in 
Table 5.

A rectangular mesh is applied to the model resulting in 7080 elements. Figure  13 
shows the resulting meshed model.

Axial load from the superstructure is scaled down with respect to the cross-sec-
tional area of the model. The load from impact is applied in a similar version albeit as a 
moment occurring at the base of the column.

7 � Results from FEM
Analyses of the model under both static and dynamic loading conditions are performed. 
Results from these analyses are presented in this section.

7.1 � Stress concentration in coupler

Figures 14 and 15 show the resulting combined axial and bending stresses from the 
static and dynamic loading conditions respectively. The results show an agreement 

Fig. 12  Finite element model of grouted coupler and cover concrete
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in the values of maximum stresses obtained from the calculations. The maximum 
stresses from the finite element analyses are slightly higher than the those obtained 
from corresponding stress calculations. This can be attributed to an increased preci-
sion expected of finite element analysis in comparison to less complicated computa-
tion methods.

Figures  14b and 15b show stress concentration from the applied loads within the 
grouted coupler. This indicates that the coupler system bears the brunt of the unbal-
anced moment resulting from the impact scenario. This leads to an extensive crack sys-
tem developing in the concrete grout inside the splice sleeve. Figures 16 and 17 show 
these crack patterns.

Table 5  Material Properties for Finite Element Model (FEM)

Materials Material properties and respective values

Cast Iron Modulus of Elasticity (psi) (MPa) 1.29*107 (8.9*104)

Poisson’s Ratio 0.3

Cast-Iron with Isotropic Hardening 0.04

Reinforcing Steel Modulus of Elasticity (psi) (MPa) 2.9*107 (1.9*105)

Poisson’s Ratio 0.3

Yield Stress (psi) (MPa) 60,000 (413.68)

Tangent Modulus (psi) (MPa) 2900 (19.995)

Concrete Modulus of Elasticity (psi) (MPa) 3.6*106 (2.48*104)

Poisson’s Ratio 0.18

Open Shear Transfer Coefficient 0.3

Closed Shear Transfer Coefficient 1

Uniaxial Cracking Stress (psi) (MPa) 474.34 (3.27)

Uniaxial Crushing Stress (psi) (MPa) −1 (− 0.0069)

Concrete Grout Modulus of Elasticity (psi) (MPa) 4.415*106 (3.04*104)

Poisson’s Ratio 0.2

Open Shear Transfer Coefficient 0.3

Closed Shear Transfer Coefficient 1

Uniaxial Cracking Stress (psi) (MPa) 750 (5.17)

Uniaxial Crushing Stress (psi) (MPa) -1 (−0.0069)

Fig. 13  Meshed model
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From Figs.  16 and 17, it can be deduced that in resisting most of the unbalanced 
moment, the coupler system ensures the concrete column retains its serviceability. 
The crack pattern shows that all resulting cracks from the loading developed in the 
concrete grout, limiting damage to the column in just the coupler system, and leaving 
the surrounding concrete intact and thus serviceable.

7.2 � Strain in coupler

Figure 18 shows the strain developed in the coupler in the finite element model. This 
coupler model, corresponding to a length ratio of 1 (only a section of the column cor-
responding to the length of the coupler was modeled), with a rigid length factor of 
0.65 (from the proposed value for grouted couplers in (Tazarv and Saiidi 2016)).

Fig. 14  a Combined stresses from static model. b Combined stresses from static model
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8 � Uniaxial stress‑strain concentration model for coupler
Spliced bars used as grouted couplers exhibit different behavior to reinforcing steel 
reinforcing bars due to the anchoring mechanism (bond behavior of coupler system 
with reinforcement) (Tazarv and Saiidi 2016). The anchoring mechanism for the 
spliced bar manifests a rigid body behavior depending on the stress-strain relationship 
and the stress concentration at the coupler region (Lcritical). To determine the stress-
strain relationship of the coupler region some physical properties of the coupler sys-
tem, including the coupler rigid length factor (β) and its length play a significant role. 

Fig. 15  a Combined stresses from dynamic model. b Combined stresses from dynamic model
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Under tension, only a part of the coupler system will undergo elongation. A section 
in the middle will stay rigid due to larger diameter of the coupler relative to the rein-
forcing steel as well as its anchoring mechanism (Tazarv and Saiidi 2016). This rigid 
length can be determined using a coupler rigid length factor (β) which is a function of 
the coupler type. This factor has been experimentally determined for different coupler 
types in (Tazarv and Saiidi 2016). Strain in the coupler can be computed using the 
relationship in Eq. 24 (Tazarv and Saiidi 2016).

Where: εsp is the required strain at the coupler region, εy is the strain at the connect-
ing steel re-bar, Lsp is the coupler length, Lcritical is the coupler region length, and b is 
the coupler rigid length factor.

Figure  19 shows the geometry of the coupler system with some of its physical 
dimensions, which are used in Eq. 24.

(24)εsp/εy =
(

Lcritical − β .Lsp
)

/Lcritical

Fig. 16  a Crack pattern in model for static loading. b Crack pattern in model for static loading
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Fig. 17  a Crack pattern in model for dynamic loading. b Crack pattern in model for dynamic loading

Fig. 18  Maximum strain at coupler edge from dynamic loading
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The coupler region extends beyond each side of the coupler sleeve length (Lsp), by a 
factor defined by the diameter of reinforcing steel (db) due to its having a higher stiffness 
than the adjacent steel rebar as shown in Fig. 18 (Haber et al. 2014). The coupler critical 
length (Lcritical) can be computed using its physical length (Lsp) and the diameter of the 
reinforcing steel as shown in Eq. 25 (Tazarv and Saiidi 2016).

Where: db is the diameter of reinforcing steel re-bar, Lsp is the coupler sleeve length, 
Lcritical is the coupler critical length, and κ is the factor varies from 1.0 to 2.0 (Ameli and 
Pantelides 2017).

In order to determine the influence area of the highly stressed zone induced by impact, 
Lcritical has been given substantial importance, and needs to be computed. The length 
Lcritical is actually extended beyond the splice-sleeve zone and some portions of the steel 

(25)Lcritical = Lsp + 2κdb

Fig. 19  Uniaxial stress-strain concentration in coupler

Fig. 20  Lsp with the corresponding Lcritical and at various κ (1 to 2)
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rebar extended from both the sides are considered as shown in Fig. 19. To understand 
the deformations at steel rebar and splice-sleeve junction, κ plays a very sensitive role for 
the computation of the highly stressed zone, the critical length (Lcritical) of the coupler.

Figure 20 shows the linear relationship used to identify Lcritical from the defined cou-
pler sleeve length (Lsp). In order to determine Lcritical from the specified Lsp carried out 
from the conservative κ values ranging from 1.0 to 2.0 (Ameli and Pantelides 2017), χ, 
the ratio of coupler length (Lsp) over the coupler region length (Lcritical), can be computed 
using Eq. 25 and Fig. 18. Lsp data can be taken from the splice sleeve specification (ICC-
ES Evaluation Report ESR-3433 2014). In this χ is very significant to compute εsp as men-
tioned in Eq. 27. Figure 18 shows the relationship between Lcritical and Lsp to in order to 
establish a holistic methodology for the different κ factors ranging from 1.0 to 2.0. This 
method includes coupler length (Lsp) to determine maximum strain developed at the 
coupler and steel rebar region while experiencing vehicle impact. In order to ascertain-
ing static strain (εsp) at coupler region, β and χ play an important role for the chronologi-
cal computation of εsp, which are shown in Eqs. 26 and 27.

Modification and rearrangement of Eqs. 24 and 25, yields Eq. 26.

In Eq. 26, χ, the ratio of coupler length over the coupler region length (Lsp/Lcritical), β is 
the coupler rigid length factor (varies from 0.0 to 1.0) are introduced to predict coupler 
region induced strain (εsp). Furthermore, to predict the strain at coupler region, εsp can 
be determined from Eq. 27 after re-arranging the Eq. 26.

From Eq. 27, it can be deduced that the strain in the coupler system is a function of its 
geometric parameters as well as the strain induced in the reinforcing steel. As a result, 
the performance of the coupler system can be designed to meet desired specifications by 
modifying some of the geometric parameters of the coupler.

From Eq. 26, coupler strain (εsp) is a function of the mechanical properties of the cou-
pler, including its rigid length factor and its region length.

A maximum strain of 0.00076 is developed in the coupler from the simulated impact 
occurring on the concrete pier. This is identical to the expected value of 0.00073 com-
puted using Eq. 27, indicating that the equation provides a good estimate of the relation-
ship between a coupler’s mechanical properties and the strain expected to occur in it 
from external loads.

Considering the modulus of steel reinforcement (Es) as 29*106 psi, and yield stress of 
steel re-bar (σy) as 60 ksi, the strain in the steel rebar (εy) is computed using Hooke’s 
law as 0.0021. The relationship between the mechanical properties of the coupler and 
the resulting strain is shown in Fig. 21. This figure plots the expected coupler strain for 
various coupler types (identified by the different rigid length factors β) at different length 
ratios (χ).

Coupler strains (εsp) for different coupler length ratio (χ) ranging from 0.625 to 0.80 
and at the corresponding κ values (ranging between 1.0 and 2.0) are computed for steel 
strain of 0.0021. These plots allow for an estimation of the strain that will be developed 

(26)
εsp

εy
= 1− β ∗ χ

(27)εsp = (1− β ∗ χ) ∗ εy
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in a coupler system with respect to its mechanical properties. Each plot represents a spe-
cific coupler rigid length factor (β), which is a function of the coupler type. Respective 
coupler strains are computed for β ranging between 0 to 1, and as shown in Fig. 21. The 
plots show a linear relationship between the coupler strain and its length ratio. This rela-
tionship is more evident at higher β values and trends towards a uniform strain value 
at the β of zero. This indicates that the material and geometrical properties of the cou-
pler play an important role in its strain capacity, helping in designing coupler systems to 
meet specific service demands.

8.1 � Determination of strain‑rate at coupler region

During dynamic impact, the strain rate in the critical region (Lcritical) changes linearly 
with changes in the strain rate of the steel rebar connected to the coupler. Strain rates of 
the steel rebars due to vehicle impact on a circular RC bridge pier are estimated to range 
between 10− 1 and 10− 4 for quasi-static to dynamic state at a yield stress of 60 ksi (Mal-
var and Crawford 1998). Dynamic strain rates in the coupler region can be assessed by 
partial derivative of Eq. 27 with respect to time (t) in seconds. This yields Eq. 28 which 
can be used to predict strain rates in the coupler region. Steel rebar strain rate (δεy/δt) 
and strain rate at coupler (δεsp/δt) are expressed as έy at yield as έsp in Eq. 28.

Where: The variables έy,έsp,β, and χ are already explained.
Simulations of the expected coupler strain rates (έsp) at different coupler length ratios 

(χ) and for the different steel rebar strain rates are investigated. This could feasibly occur 
during the impact events are undertaken to gain an insight into the behavior of the 
coupler at changing strain rates in steel rebar. Shown in the Figs. 22, 23 and 24 are the 
respective different steel rebar strain rates of 10− 1 sec, 10− 2 sec, 10− 3 sec, and 10− 4 sec, 
for increasing χ values at the specified coupler strain rates depending on various κ fac-
tors ranging from 1 to 2.

(28)έsp = (1− β ∗ χ) ∗ έy

Fig. 21  Evaluation of εsp and χ for corresponding κ at εy of 0.0021
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Figures  22, 23, 24 and 25 show the different strain rates expected in the coupler 
region from various impact conditions at different coupler length ratios (χ) and at 
different possible steel rebar strain rates (έy). Coupler region strain rates (έsp) show 
the linear trends with respect to the χ values, indicating an increase in the expected 
strain rate in the coupler region with a reduction in its critical length. As such, for 
the known strain rates in steel, which is a function of loading, the corresponding 
coupler strain rates can be easily determined.

Fig. 22  έsp and χ for corresponding κ at έy of 0.1

Fig. 23  έsp and χ for corresponding κ at έy of 0.01
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9 � Discussions and conclusions
In reinforced concrete (RC) structures, piers are usually the most vulnerable members to col-
lisions due to its exposed face and slender behavior. In particular, the desired characteristics 
and the associated impact performance levels of the critical components warrant additional 
investigation. The following observations and conclusions are drawn from this study:

•	 In this research, a means of addressing a critical component of the pier behavior dur-
ing a vehicular impact scenario is investigated. This involves the use of a grouted coupler 
connection system to improve stiffness, and thus increase the moment capacity of the 
pier and by extension reduce the risk of collapse of the pier from unbalanced moments 
expected to occur during impact. Combined stresses in the base and at different fiber 
sections as a result of vehicular impact in the pier are analyzed, and the results are shown 

Fig. 24  έsp and χ for corresponding κ at έy of 0.001

Fig. 25  έsp and χ for corresponding κ at έy of 0.0001
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for both bending compression and bending tension. A finite element model (FEM) is 
also used to corroborate the computed stresses expected to occur from vehicle impact 
at the base of the pier, as well as to investigate the benefit of including a grouted coupler 
sleeve at this vulnerable spot to limit the damage taking place during impact. The inves-
tigations reveal that the grouted coupler performs quite well in containing the unbal-
anced moments from the impact, without cracking the concrete of the pier footing, while 
observing cracks in the grout for both static and dynamic impact loads.

•	 Further investigations into the strain rate developed in the coupler during impact pro-
vide an insightful notion in establishing and understanding the relationship between 
strain and mechanical properties of the coupler at impact load. This relationship ensures 
that couplers going forward can be designed to adequately compensate for loading sce-
narios resulting in moments, exceeding the design capacity of the reinforced concrete 
(RC) bridge piers, and thus save them from excessive damage. Beyond the investigations 
carried out in this study, it is also imperative to investigate the behavior of grouted cou-
plers in other positions besides being embedded in the foundation. Also, other possible 
materials for the coupler sleeve besides cast iron as well as some other grout mixes (with 
higher compressive strengths) need to be scrutinized to fully comprehend the influence 
of the coupler system to a pier’s resistance in counteracting impact loads.

•	 This study is an attempt to determine the dynamic strain comprising the model dur-
ing and post impact scenario. Maximum strain can be found at β = 0, which corre-
sponds to having no coupler and the entire strain developed is totally induced in the 
steel rebar. The strain rate is particularly useful for very short impact durations where 
instantaneous strain is impossible to determine.

The methods utilized in this study can also help improve design, providing designers 
with information on how the grouted couplers can be expected to behave under lateral 
impact loads. However, further experimental studies involving various pier geometries, 
different material properties, and changing the coupler’s position are warranted to inves-
tigate and capture the performance under various impact scenarios.

Table 6  Conversion chart for the US customary to the equivalent SI units

US Customary SI Unit

1 ksi 6.89 MPa (kN/mm2)

1 ksi 6894.76 kN/m2

1 kip-in 0.113 kN-m

1 kip 4.45 kN

1 lbs 0.00445 kN

1 mph 1.61 km/hr

1 ft lb./sec 0.00136 kN-m/sec (1.36 N-m/sec)

1 in 0.0254 m (25.4 mm)

1 ft 0.3048 m (304.80 mm)

1 pci 271.4471 kN/m3

1 psi 6.8947 kN/m2
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Appendix
Table 6

Abbreviations
Mn	� Nominal moment strength
Es	� Modulus of elasticity of steel
Ec	� Modulus of elasticity of concrete
f’c	� Compressive strength of concrete
fy	� Yield strength of steel
εy	� Strain at steel corresponding to fy
c	� Height of compression block
n	� Modular ratio
β1	� Ratio of depth of rectangular stress block to the depth to the neutral axis
h	� External diameter of the concrete column
dt	� Distance from extreme compression fiber to extreme tension steel
xb	� Distance from the extreme compression fiber to the neutral axis for a balanced strain condition
ab	� Depth of Whitney equivalent rectangular stress distribution in concrete for a balanced strain condition
α	� Angle between two rebar’s at center of the circular area
Acb	� Area of circular compression block
X	� Centroid location of circular compression block
Cc	� Compressive force in concrete for circular compression block
Cs	� Compressive force in longitudinal reinforcement
T	� Tensile force of steel
Pn	� Nominal axial compressive strength
Pa	� Axial compressive strength
Mn,g	� Nominal moment capacity for the gross concrete area of the column
hc	� Diameter of the core concrete
Agc	� Gross area of the core concrete
Anc	� Net area of the core concrete
Ac	� Area of the core concrete
Ag	� Gross cross-sectional area
Cc,c	� Compressive for of the core concrete
Pn,c	� Nominal axial compressive strength of the core concrete
Mn,c	� Nominal flexural capacity for the core concrete section
σdyn	� Dynamic flow stress
έ	� Quasi-static strain rate of steel re-bar
έy	� Quasi-static strain rate at steel re-bar
έsp	� Strain rate at coupler
σy	� Static flow stress
σdyn	� Dynamic flow stress in steel during impact
ξ	� Dynamic parameter
DIF	� Dynamic increase factor
Idyn	� Frontal shock due to impact
Ir,	� Peak reflected pressure (overpressure)
td
+	� Time instant of the peak impact force

t	� Impact duration
V	� Maximum permissible velocity
Ms	� Static moment
t 	� Time of collision
H	� Height of collision
Mdyn	� Dynamic moment
Mun,sg	� Unbalanced moment for static gross cross-sectional area
Ms,g	� Static moment at gross concrete area
Mn,g	� Nominal moment capacity for gross concrete area
Mun,sc	� Static unbalanced moment for core cross-sectional area
Mun,dg	� Dynamic unbalanced moment for core cross-sectional area
Mdyn,g	� Dynamic moment at gross concrete area
Mun,dc	� Dynamic unbalanced moment for core cross-sectional area
σb	� Bending stress
σo	� Direct stress
Iavg	� Average moment of inertia of each splice sleeve
c 	� Distance of the extreme fiber from the centroid
P 	� Axial compressive force
σ	� Combined stress
W	� Wider end of the splice sleeve
N	� Narrower end of the splice sleeve
χ	� Coupler length ratio (Lsp / Lcr)
β	� Coupler rigid length factor
Lsp	� Coupler length
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Lcritical	� Coupler region length
κ	� A factor ranges from 1.0 to 2.0
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