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1  Introduction
Collisions between vehicles and traditional reinforced concrete (RC) bridge piers have a 
significant influence on the safety and continued serviceability of the bridge structures, 
with research indicating collisions between vehicles and bridge piers are the second lead-
ing cause of bridge failures in the United States (Cook 2014; Wardhana and Hadipriono 
2003). Impact to bridge piers from high-speed vehicle causes damage to the supporting 
structure, ranging from minimal damage such as localized cracking of the concrete at 
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the impact location to severe damage, such as pier fracture, support failure and bridge 
collapse. With such wide variations in the possible extent of damage, in-depth analyses 
of the pier after impact to certify it for continued service is necessary. Scrutiny of the 
severity of damage to decide on whether to keep the bridge piers in service has long been 
mandatory, with collision analyses in practice normally employing static analysis (Joshi 
and Gupta 2012). Investigations into characterizing the damage to bridge piers has been 
the focus of several studies. These studies have shed a light on the behavior of RC bridge 
pier under impact including increases in the material properties under high strain rate 
loading (Malvar and Crawford 1998), estimation of the dynamic shear capacity of an RC 
pier and the demand from colliding vehicles (Sharma et al. 2012) and characterization of 
the damage suffered during impact via a damage index (Auyeung et al. 2019; Zhou and 
Li 2018a). Unfortunately, little attention has been given to the role of concrete in this 
loading scenario especially in post impact transfer of load, estimating the damage level, 
probability of failure, and identifying an optimized combination of concrete and steel to 
enhance the performance of the piers under horizontal impact load.

At high strain rates of loading, the apparent strength of concrete increases signifi-
cantly. This apparent increase in concrete strength is evaluated by computing a dynamic 
increase factor (DIF) and scaling the compressive strength of the concrete by this factor. 
The dynamic increase factor (DIF) which is basically a ratio of the dynamic to static com-
pressive strength has been considered in this study to investigate the optimized concrete 
strength that is suitable in withstanding the specific impact scenarios, can be expressed 
as a function of strain rate and collision parameters leading to the deformation of the 
pier (Malvar and Crawford 1998). Concrete DIF has been utilized to investigate conserv-
atively for different vehicle impact scenarios to evaluate post impact residual capacities 
in terms of concrete resilience. Deformation of a reinforced concrete (RC) pier dur-
ing and post impact is a complex phenomenon. During a collision event, the RC pier 
experiences a high strain rate of loading, primarily in the transfer of energy (Roy and 
Sorensen 2021a) from the vehicle into the concrete surface of the pier. This could lead 
to crack propagation (Roy and Sorensen 2021b) followed by significant bond failure in 
the bond between the concrete and reinforcing steel, and eventually plastic deformation 
after forming plastic hinge near the impact location (Kowalsky 2000). The bond strength 
(u) is a useful property of the reinforced concrete (RC) as it defines the quality of bond 
between the disparate materials (concrete and steel), and by extension their ability to 
act as a cohesive unit. Equally important is the necessary development length (ld) of 
the reinforcing steel, which is required to prevent pullout. The apparent increase in the 
compressive strength of the concrete at high strain rates leads to increases in the bond 
strength and a concurrent decrease in the required development length. This phenom-
enon seemingly enhances the resistance of RC piers to vehicular collisions and should be 
accounted for when estimating the post impact residual capacity of the traditional RC 
pier.

Quantification of damage to the pier is essential before retrofitting and rehabilitation 
to return it to service are carried out. The damage under impact load is identified using 
some parameters from the impact scenario, coalesced into a single parameter known as 
the damage index (λ). Characterizing the severity of damage to the structural member, 
the damage index (λ), is expressed as a ratio of the impact force and the dynamic shear 
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capacity of the pier which are in turn contingent upon the vehicle characteristics and 
subsequent pier behavior respectively (Zhou and Li 2018a). To quantify the damage (Shi 
et al. 2008) proposed, a relationship between the damage index and the residual capac-
ity seem crucial   with the initial design strength of the RC pier. Rearrangement of this 
relationship allows for the computation of a residual capacity for the pier using knowl-
edge of the design parameters as well as the impact conditions. An important parameter 
for computing the damage index is the impact force. Deterministic analyses barely cap-
tures the risk and uncertainties involved in assessing the post impact non-linear dynamic 
behavior of RC piers (Roy et al. 2022). Difficulties in computing an exact impacting force 
due to its variation over the duration of impact, has led to the development of several 
models for estimating the impacting force as an equivalent static force. These models 
generally involve integrating the instantaneous impact force and normalizing this inte-
grated force using different variables compared the different models and have deter-
mined that the local equivalent static force (LESF) model best captured the pattern of 
the impact force on the pier (Zhou and Li 2018a). However, in using this model to esti-
mate the residual capacity, the variability of the design parameters as well as the param-
eters specifically administering the impact scenario are not considered.

To capture the variability of these parameters, a new factor for estimating the resid-
ual capacity is proposed. This factor, derived using the resistance reduction method 
(Thomas et al. 2018), is based on utilizing a reliability analysis to determine the effect of 
a loading scenario on a structural member. The reliability analysis results aid scrutiniz-
ing the function of parameters affecting the particular loading scenario exerted by a spe-
cific speed and weight of vehicle (Vehicle Class), all defined as random variables (Nowak 
and Collins 2012).

The objective of this study is to examine the contribution of concrete in resisting vehic-
ular impact, particularly the effect of the high strain rate loading expected in the vehicle 
impact scenarios on the flexural and shear capacities of the representative circular RC 
bridge pier. As high strength concrete is brittle in nature and vulnerable to shear forces, 
and low strength concrete is vulnerable under flexure and axial compression, there is a 
need to determine an optimal concrete compressive strength to be used in bridge piers 
to minimize impact failure. The post impact performance of different concrete compres-
sive strength is investigated to determine an optimal strength of concrete for resisting 
and withstanding the vehicle impact load. To understand the contribution of concrete in 
resisting impact load, bond strength and corresponding development length conform-
ing bond characteristics are also studied. This study is carried out using different vehicle 
weights and travel speeds to produce various impact forces in order to come up with 
optimal and reliable concrete grade to be used safely and resiliently (Cao et al. 2019).

2 � Deformation of concrete due to impact
Among reinforced concrete (RC) structural elements, columns are particularly suscep-
tible to high strain rate impact from vehicle collisions. Impact as a result of collision, 
produces high peak resulting high strain rate (change in strain over change in time) of 
approximately 1000 s−1 leading to significant increase in concrete strength (Malvar and 
Crawford 1998; Shi et al. 2008). This increase in the strength of concrete due to dynamic 
impact is predicted using a dynamic increase factor (DIF) (Malvar and Crawford 1998). 
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Defined as the ratio between dynamic and static strength of concrete, the DIF is com-
puted using the dynamic strength of concrete at a specific strain rate and is in turn used 
to determine the dynamic compressive strength of the concrete.

2.1 � Dynamic increase factor in compression (CDIF)

Dynamic Increase Factor in compression (CDIF), is the ratio between the dynamic com-
pressive strength at dynamic strain rate to static compressive strain rate at quasi-static 
strain rate, and is defined using the relationship as shown in Eq. 1 (Malvar and Crawford 1998).

where: fcd is the dynamic compressive strength at the dynamic strain rate έd, fcs com-
prising static compressive strength as quasi-static strain rate έ (έ = fcd / fcs) to compute 
dynamic increase factor (DIF) for concrete in a compression. The factor, α, is expressed 
in Eq. 2 (Malvar and Crawford 1998).

where: fcu is the cube compressive strength of concrete and fcs comprises the static 
compressive strength as already stated.

3 � Determination of vehicular impact
Bridge piers are designed considering static load conditions for axial, shear, bond, and 
development length, with dynamic loads given little consideration. However, dynamic 
effects play a major role in some loading scenarios such as impact, blast, and seismic 
events. To evaluate the effects of impact loads on RC piers, the dynamic impact force is 
estimated as an equivalent static force as described in this section.

3.1 � Dynamic force due to vehicular impact

Assuming the vehicle comes to rest without rebounding from the pier, the kinetic energy 
(E) equations is determined as the kinetic energy of the vehicle using Eq.  3 (Bathurst 
et al. 2008).

where: Mveh represents the classification of weight of the impacting vehicle (AFDC 
2018) as shown in Table  1, E is the impact energy of the vehicle, and V is the frontal 
impact velocity of the vehicle at impact.

The dynamic impact force (Idyn) exerted by the vehicle on the pier is represented using 
the pressure from the impacting vehicle, the pier geometric dimensions and the duration 
of impact as shown in Eqs. 4, 5  and 6 (Vrouwenvelder 2000; Zhou and Li 2018a). An 
impact pulse representing the impact duration over the duration of impact is character-
ized using as half sine function with amplitude as the peak impact force. The half sine 
function is chosen to represent the impact pulse as it is characteristic of the behavior 

(1)CDIF =
fcd

fcs
= (

�
�d

�
�cs

)
1.026� for

�
�d ≤ 30s−1

(2)α = [
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5+ 9 ∗
fcs
fcu

]

(3)E = 0.5MvehV
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of the impact over its duration. An averaged integration is then used to determine the 
equivalent static force occurring from the impact pulse. The averaged integration is done 
over a small window around the peak impact force to obtain a conservative estimate that 
accurately reflects the load transferred to the pier from the vehicle at the peak of the 
impact. The peak impact force is determined as a function of the kinetic energy (E) from 
the colliding vehicle, the geometric dimensions of the pier and the duration of impact (t) 
are as shown respectively in the Eqs. 4, 5 and 6 (Roy, S., Unobe, I., and Sorensen 2021; 
Zhou and Li 2018b).

where: Idyn represents the frontal shock (force) due to impact, Ir, is the peak reflected 
pressure (overpressure), t represents the impact duration, E is the kinetic energy 
absorbed by the impacted bridge pier, L is the unsupported length of the pier, a is the 
distance from the bottom of the pier to the point of impact, b is the distance from the 
top of the pier to the point of impact, and c is the perpendicular distance from the neu-
tral axis (NA) of the cross section to the farthest point (extreme fiber) on the cross sec-
tion of the pier, m is the weight of the impacting vehicle, and k is the vehicle frontal 
stiffness as shown in Fig. 1 (Mander et al. 1988; Roy, S., Unobe, I., and Sorensen 2021).

To quantify the damage resulting from impact to the RC pier, the residual capacity 
of the pier post impact can be determined. This residual capacity offers an insight into 
further serviceability of the pier, allowing decisions to be made on retrofitting/rehabili-
tation or possible replacement. The residual capacity is computed as a function of the 
design capacity and the damage occurring from the impact (Shi et al. 2008). Two meth-
ods are studied for use in quantifying the damage from impact; computing a damage 

(4)
Idyn =

td+0.025
∫

td−0.025

Irsin

(

π t+d
t

)

di

0.05

(5)Ir = ((2 ∗ 10−5E)+ 386.48)[
I ∗ L

(a ∗ b ∗ c)
]

(6)t =

√

m

k

Table 1  Classification of vehicle categories (AFDC 2018)

Vehicle Class Picture Description Weight (lbs.) (kN) Weight Used in 
Analysis (lbs.) 
(kN)

5 Medium Delivery Truck 26,000 (115.65) 26,000 (115.65)

6 Medium Duty Truck 34,000 (151.24) 34,000 (151.24)

7 Heavy Duty Truck 74,000 (329.16) 74,000 (329.16)

8 Semi-trailer Truck 80,000 (355.86) 80,000 (355.86)
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index (Zhou and Li 2018a) and computing a resistance reduction factor (Thomas et al. 
2018). End connections of the impacted pier are considered to be bottom end restrained 
from rotation, translation and deflection whereas the upper end is pinned. This is fur-
ther shown precisely in the Fig. 1 (a) as well.

3.2 � Damage indices

The damage of reinforced concrete material under impact load can be appraised using 
a damage index. Computed as a ratio of the equivalent static force from the impact to 
the shear capacity of the pier, the damage index (λ) is assessed as shown in Eq. 7 (Roy, S., 
Unobe, I., and Sorensen 2021; Zhou and Li 2018b).

where: Idyn is the peak vehicle dynamic impacted force, and Vdyn indicates the dynamic 
shear effect on concrete.

The dynamic shear (Vdyn) of the pier is a function of the strain rate behavior of the 
concrete material as encapsulated in the dynamic increase factor (CDIF) considering 
resiliency factor. Computed as shown in Eq. 8 (Feyerabend 1988; Malvar and Crawford 
1998), the dynamic shear capacity offers an insight into the expected behavior of con-
crete under dynamic loading events.

(7)� = Idyn/Vdyn

(8)Vdyn = CDIF ∗ Vn

Fig. 1  Impact Location and Geometry of RC Bridge Pier (Roy et al. 2022)
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The relationship between the damage index and residual strength of the damaged column 
is shown in Eq. 9 (Shi et al. 2008).

where: LResidual is the residual strength for axial or shear of the damaged column after 
experiencing vehicular impact, and LDesign is the design axial or shear load carrying capacity 
of the undamaged reinforced concrete bridge pier as stated in ACI (ACI 2011).

Rearranging Eq. 9 allows for the determination of the residual strength of the damaged 
RC pier as shown in Eq.  10 (ACI committee 318 1985; Roy, S., Unobe, I., and Sorensen 
2021).

3.3 � Resistance reduction method

Any failure takes place when demand exceeds the capacity. Exceedance of the capacity or 
resistance in the function by the load or demand component results in a failure and vice 
versa (Nowak and Collins 2012). Mathematically modeled as shown in Eq. 11 (Spyrakos and 
Vlassis 2003), the probability of failure is a measure of the safety or otherwise of a structural 
member including the uncertainties in the load and resistance parameters that define its 
performance.

where: Pf is the probability of failure, g(x) is a performance or limit state function and x is 
a vector of all the random variables included in the limit state function.

Determined by integrating the limit state function over the region where the function 
is negative, the probability of failure is quite difficult to compute directly. As such, several 
methods have been developed to compute a reliability index for a structure or structural 
member which is then used to estimate the probability of failure. Converse to the probabil-
ity of failure, the reliability index (β) is a measure of structural reliability which captures the 
inherent influence of parameter uncertainties (Der Kiureghian 2008). The reliability index 
(β) is modeled as the inverse of the tail probability function as shown in Eq. 12 (Ayyub and 
McCuen 2016; Nowak and Collins 2012).

where: Φ is the standard normal cumulative function, β is the reliability index, and Pf rep-
resents the probability of failure.

The reliability index (β) is computed utilizing the Hasofer-Lind reliability method and 
using the procedure itemized below (Nowak and Collins 2012):

An appropriate limit state function is identified for the specific scenario. In this study, the 
limit state ratio is defined as the exceedance of the shear capacity by the dynamic impact 
force exerted by the impacting vehicle as shown in Eq. 13 (Roy et al. 2022).

(9)� = 1− (LResidual/LDesign)

(10)LResidual = (1− �) · LDesign

(11)Pf = Pr[g(x) < 0]

(12)Pf = �(−β)

(13)g(x) = 1− � = 1−
Idyn

Vdyn
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Initial design points are assumed for all but one of the random variables and the limit 
state is solved at g = 0 for the remaining random variable. The mean value of each ran-
dom variable is a good initial assumption for the design point.

Reduced variates for each random variable are determined as shown in Eq. 14.

where: zi
* is the reduced variate of the ith variable, xi

* is the design point, μxi is the 
mean of the ith random variable and σxi is the standard deviation of the ith random 
variable.

Partial derivatives of the limit state function with respect to each random variable are 
determined and multiplied by the standard deviation of each random variable and col-
lected into a column vector G which is multiplied by (-1).

An estimate of the reliability index (β) is then computed as shown in Eq. 15 and a col-
umn vector of sensitivity factors computed as shown in Eq. 16.

Reduced variates for new design points are then computed as shown in Eq.  17, fol-
lowed by the computation of the corresponding design points as shown in Eq. 18.

The limit state function is then set to zero and solved for the remaining variable as 
done previously and the steps are repeated until convergence of the reliability index β 
and the design point χ∗

i .
Notionally, the structural reliability of a system under sequential loading is defined by 

a fault tree analysis (Ayyub and McCuen 2016). This approach defines the probability of 
failure using the Bayesian framework for combining probabilities into a single defining 
probability, capturing the expected reduction in resistance to loading after a particular 
loading event and prior to the next. This has formed the basis of multi-hazard analysis 
allowing for a computation of the reliability indices and probabilities of failure of struc-
tures undergoing several independent loading scenarios.

A recently developed method to resolve some of the challenges with using the fault 
tree analysis is the resistance reduction method (Thomas et  al. 2018). This method 
works to capture the reduction in capacity of a structure due to a loading event by utiliz-
ing the probability of failure of the structural member. A resistance reduction factor is 
computed and then used as a multiplication factor to adjust the structural capacity of a 
member after the loading event. This resistance reduction factor (ζ) is computed as the 
complement of the probability of failure (Pf) as shown in Eq. 19 (Thomas et al. 2018).

(14)z∗i =
x∗i − µxi

σxi

(15)β =
{G}T {z∗}
√

{G}T {G}

(16){α} =
{G}

√

{G}T {G}

(17)z∗i = αiβ

(18)x∗i = µxi + z∗i σxi
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where: ζ is the resistance reduction factor and Pf is the probability of failure of the 
structural member due to a specific loading event.

Alike the damage index, the resistance reduction factor can be used to effec-
tively reduce the design capacity to a residual capacity by multiplying the factor by 
the design capacity, thus accounting for the damage incurred by the pier during the 
impact event.

3.4 � Pier capacities in static load condition

Prior to computing the residual capacities, the design capacities in axial and shear for 
the representative RC pier are computed as specified in ACI (ACI 2011).

The design axial capacity (Pn) is computed as shown in Eq. 20 (Engineers 2013).

where: fc
’ is the 28 days’ compressive strength of the concrete in representative pier, 

σy is the yield strength of steel (60 ksi or 413.68 MPa), and Ag and As are the gross area 
of pier cross-section and total cross-sectional area of longitudinal (main) steel rebar, 
respectively.

The design shear capacity of the RC bridge pier is determined using Eq.  21 
(AASHTO 2011).

where: Vc is the shear strength carried by the concrete and Vs is the transverse shear 
capacity.

The shear strength, Vc, is computed as shown in Eq. 22 (AASHTO M145-91 2008).

where: Ag represents the gross cross-sectional area of the concrete in the pier and 
Ae is 80% of Ag, i.e., Ae = 0.8*Ag, and νb is the shear constant.

The shear constant (νb) is determined using Eq. 23 (AASHTO M145-91 2008).

where: ρt is the longitudinal steel ratio and Pn,design represents the axial load capacity 
of the reinforced concrete pier.

The transversal shear capacity, Vs is computed using Eq.  24 (AASHTO M145-91 
2008).

where: Ah is the area of a single hoop or spiral, D’ is the spiral or hoop diameter, s 
denotes the pitch of the helix, and σyh represents the yield stress of transverse reinforcing 
steel.

(19)ζ = 1− Pf

(20)Pn = 0.85 ∗ f
′

c ∗
(

Ag − As

)

+ σy ∗ As

(21)VN ,design = Vc + Vs

(22)Vc = νb[1+ 3PN ,design/f
′

c • Ag ] • Ae

(23)νb = [0.0096+ 1.45ρt ] •

(

f
′

c

)1/2

≤ 0.03

(

f
′

c

)1/2

ksi

(24)Vs = π/2AhσyhD
′

/s
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4 � Results
In order to analyze the axial and shear strengths, bond capacities, and development 
length of the circular reinforced concrete bridge-pier, and its behavior during vehicular 
impact, a test column is analyzed (Ameli and Pantelides 2017). Several vehicle weights 
(Vehicle Classes 5 to 8) as shown in Table 1, as well as several impact velocities between 
25 and 80 mph (15.53 km/hr and 49.71 km/hr) are considered for the impact scenarios.

The representative RC pier of 21 inches (0.53 m) diameter pier is examined for differ-
ent vehicle impact scenarios using several concrete grades between 3 ksi, (20.68 MPa) to 
10 ksi to (68.95 MPa) in this study. The height (unsupported length) of the pier is con-
sidered as 8.5 feet (2.6 m) with a uniform circular cross-section. Longitudinal (primary) 
reinforcement is provided by using steel re-bars with the specification of ASTM A706 
having grade of 60 ksi (413.68 MPa). The pier has longitudinal reinforcement of (6) # 8 
steel re-bars through its length, with a spiral (helical) shear reinforcement using # 4 steel 
(grade of 36 ksi or 248.21 MPa) re-bar @ 2–1/2 inches’ (63.5 mm) vertical pitch. Bottom 
end of pier is fixed and the free end is restrained against deflection and rotation in all 
directions as shown in Fig. 1 (a) (Zhou and Li 2018a). The cross-section and reinforce-
ment details of the representative pier are shown in Fig. 2 (a and b) (AASHTO 2011).

The reliability analysis requires design parameters to be treated as random variables 
and their statistical parameters (mean and standard deviations) as well as their distri-
butions are used in determining the reliability index. Table 2 outlines the random vari-
ables and their distributions. The parameters for the geometric dimensions as well as the 
material properties are obtained from past studies as published in (Nowak and Collins 
2012). The vehicle mass parameters are obtained from weigh in motion data for the state 
of Utah (Schultz and Seegmiller 2006) and the vehicle speed parameters from (Hwang 
and Nowak 1991). The pitch of the transverse reinforcement is assumed to remain con-
stant and is not a random variable. Design variables comprising individual uncertainty 
parameters are given in Table 2.

A quasi-static strain rate of 30 s−1 is considered for the impact scenario (Malvar and 
Crawford 1998). Computations of the design axial and shear capacities at increasing 
concrete compressive strengths are carried out and the results plotted as shown in Fig. 3.

From Fig. 3, it can be observed that the design capacities in axial and shear relate 
with the concrete compressive strength in diametrically opposing ways. Higher 

Fig. 2  a Representative RC bridge pier longitudinal section, and (b) Section A-A
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grades of concrete are more brittle, and hence more vulnerable to shear failure as 
a result of impact (Gomez and Alipour 2014). Increasing the compressive strength 
will result in increasing the axial capacity but reduces the shear capacity. An optimal 
compressive strength to balance both these design capacities can be selected as the 
intersection point on the graph in this case about 4.75 ksi (32.75  MPa). However, 
some insights are needed to scrutinize the concrete performance of the pier encoun-
tering the dynamic load incurred from vehicle impact.

Table 2  Design variables and their uncertainty parameters

No Variables Distribution Mean CoV St. Dev Units

1 Diameter of pier (d) Normal 21.06 (0.53) - 0.25 (0.006) inches (m)

2 Height of pier (h) Normal 102.06 (2.60) - 0.25 (0.006) inches (m)

3 Vehicle weight (m) Normal Varying 0.235 - lbs (kN)

4 Vehicle velocity (v) Lognormal Varying 0.165 - ft/s (m/s)

5 Core diameter (dc) Normal 18.06 (0.46) 0.25 (0.006) inches (m)

6 Yield strength of transverse Rein-
forcement (σyt)

Lognormal 45,300 (312.33) 0.116 5254.8 (36.23) psi (MPa)

7 Compressive strength of concrete 
(f ’c)

Normal Varying 0.18 - psi (MPa)

8 Diameter of longitudinal rein-
forcement (dl)

Normal 0.855 (0.021) - 0.365 (0.009) inches (m)

9 Yield strength of longitudinal 
reinforcement (σy)

Lognormal 67,500 (465.40) 0.098 6615 (45.61) psi (MPa)

10 Diameter of transverse reinforce-
ment (dt)

Normal 0.48 (0.01) - 0.365 (0.009) inches (m)

11 Stiffness (k) Normal 1,713,045 (300.00) 0.2 342,609 (60.00) lb/in (kN/m)

12 Pitch (s) Deterministic 2.5 (0.06) - - inches (m)

Fig. 3  Concrete compressive strength with design axial and shear capacities of RC pier
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4.1 � Residual capacities using damage index method

Post impact residual capacities of RC bridge pier because of different vehicle weights and 
permissible speeds cause defacing of pier with various damage levels. Residual capacities 
of the affected pier are shown in Fig. 4a-d for the various impacts incurred from vehicles 
classes 5 to 8 respectively (shown in Table  1). Intersection points for individual cases 
between the shear and axial capacities show the concrete strength that optimizes the 
capacity of the pier in both flexure and shear.

Asides vehicle weights, the speeds of impact also affect the resulting residual capaci-
ties significantly. From the plots in Fig. 4 (a, b, c, and d), it can be surmised that increas-
ing impact speed results in reduced residual capacity of the pier. A combination of large 
weight and high speed could lead to a total collapse of the RC pier (i.e., computed resid-
ual capacity of zero). This situation occurred at a vehicle speed of 45 mph (27.96 km/
hr) when using vehicle classes 7 and 8, which is why their respective figures only show 
the trends of residual capacities up to 40 mph (24.85 km/hr). In designing an RC pier 
to withstand vehicular impact, the shear capacity is key. However, the shear capacity is 
inversely proportional to the axial capacity, as both reflect the compressive strength of 
the concrete in diametrically opposite ways. As such, a good tradeoff for balancing both 
characteristics is utilizing a compressive strength where these two capacities intersect, 
expressed in the figures as an inflection point. From the Fig. 4a-d, the inflexion points 
seem constant at 6 ksi (41.36 MPa). This indicates that an optimal compressive strength 
of concrete for resisting flexure and shear simultaneously in pier after undergoing vehi-
cle impact is about 6 ksi (41.36 MPa).

Although the damage index ratio is used to modify the structural capacity of dam-
aged piers post impact, this factor does not adequately capture inherent uncertainties 
that may exist in the impact scenario including inexactitudes in the mass and velocity 
measurements and geometrical and material parameters. Alternatively, a factor devel-
oped based on the resistance reduction method in structural reliability could be used in 
modifying the structural capacities.

4.2 � Residual capacities using resistance reduction method

Alike the process used in estimating the reduced capacity of a RC pier after impact, the 
post impact axial and shear capacities of RC piers for different compressive strengths are 
computed using the resistance reduction factor. Figures 5 and 6 show the resulting resid-
ual axial and shear capacities for various impacting speeds at different concrete grades.

The graphed analytical results comparing both methods of adjusting the structural 
capacity of the pier after an impact event shown in Figs.  5 and 6 show very dispa-
rate predictions of the residual capacity of the pier. The damage index ratio factor 
(λ) seems to place less emphasis on the compressive strength as a factor in the axial 
capacity at increasing velocities. This is seen quite starkly in the residual axial capaci-
ties at 65 mph (40.38 km/hr), where the axial capacities are decreasing even at increas-
ing compressive strengths. This can be attributed to the computation of the factor 
which is computed directly using the shear capacity. As such, the factor is biased by 
the behavior of the shear capacity at increasing compressive strengths even in com-
puting the residual axial capacities. This is not the case with using the resistance 
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Fig. 4  a. Residual capacities showing inflexion point for Vehicle Class 5. b. Residual capacities showing 
inflexion point for Vehicle Class 6. c. Residual capacities showing inflexion point for Vehicle Class 7. d. Residual 
capacities showing inflexion point for Vehicle Class 8
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reduction factor, as when utilizing a reliability-based computation, this factor weighs 
the contribution of the compressive strength alongside all other design variables. As 
a result, the factor is more representative of the contribution of all design variables 
and their uncertainties to the residual capacity of the pier both in axial and shear. The 
results of using the resistance reduction factor to compute the residual capacity of RC 
piers are shown in Fig. 7a-d for different vehicle weights (Vehicle Classes 5 to 8). Fig-
ure 7 (a, b, c and d) compares the resulting residual axial and shear capacities using 
both the methods.

Fig. 5  Residual axial capacity using the damage index method and the resistance reduction method

Fig. 6  Residual shear capacity using the damage index method and the resistance reduction method
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Fig. 7  a. Residual capacities showing inflexion points for Vehicle Class 5 using probability of failure (Pf). b. 
Residual capacities showing inflexion points for Vehicle Class 6 using probability of failure (Pf). c. Residual 
capacities showing inflexion points for Vehicle Class 7 using probability of failure (Pf). d. Residual capacities 
showing inflexion points Vehicle Class 8 using probability of failure (Pf)
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From the analyses and as shown in Fig. 7 (a, b, c, and d), it can be surmised that as 
expected, there is a contrast in the relationship between axial capacity and compressive 
strength to that of shear strength and compressive strength. Increases in the compressive 
strength results in corresponding increases in the residual axial capacity and decreases 
correspondingly in the residual shear capacity. These phenomena can be attributed to 
the decreasing ductility of concrete with increasing compressive strength. These rela-
tionships hold across different impact scenarios including changing vehicle masses and 
speeds. These plots also indicate a compressive strength that would give a good tradeoff 
between both strength parameters. This tradeoff as indicated by the intersection points 
in the curves (about 7 ksi or 48.26 MPa) indicates a compressive strength that gives a 
balance between the axial and shear capacities. Lower compressive strengths will result 
in reduced axial capacities while increasing the shear capacity and vice versa. As such, 
a design compressive strength of around 7 ksi (48.26 MPa) might be a good tradeoff for 
ensuring an optimal balance in these strength parameters of interest using resistance 
reduction method.

4.3 � Static bond strength and development length

Increased compressive strength due to the strain rate effect is produced in the concrete 
of RC pier while experiencing dynamic impact load. This dynamic compressive strength 
(f ’c,d) is determined by multiplying the compressive strength of concrete (f ’c) by the 
CDIF as shown in Eq. 25.

This change in the compressive strength will directly affect some of the pier’s design 
specifications which are derivatives of the compressive strength including the bond 
strength and development length. The effect of this change in the compressive strength 
under the influence of dynamic loading on these design parameters is also investigated. 
The maximum bond stress u (psi) has been specified in Eq.  26 (Galambos and Ketter 
1961), as:

where: fc
’ indicates the grade of concrete and db is the shear bar diameter (# 4) of 0.5 

inch as per standard specification.
The recommended development length (ld) considering interaction of different 

spalling initiated by splitting cracks and dynamic deformation is determined by Eq. 27 
(Galambos and Ketter 1961).

where: Ab represents the cross-sectional area of the main reinforcement (0.2 sq.-inch 
or 129.03 sq-mm for # 4 ASTM steel rebar), fy is the static yield strength of steel (60 ksi 
or 413.68 MPa) and fc

’ indicates the grade of concrete.
By replacing the compressive strengths with the dynamic compressive strength, the 

bond strength of the structural member and the required development length under 
impact loading can be determined directly from the dynamic counterparts of the Eqs. 26 

(25)f
′

cd = (CDIF) ∗ f
′

c

(26)u = 9.5 ∗ (f
′

c )
1
2 /db

(27)ld = 0.04 ∗ Ab ∗ fy/(f
′

c )
1
2
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and 27 into the Eqs. 28 and 29 respectively. To determine dynamic bond strength and 
corresponding compressive concrete strength required for dynamic impact, dynamic 
compressive strength of concrete plays a significant role, and hence can be evaluated 
from direct correlation of the static counterpart. These equations will provide capturing 
the dynamic demand from static counterparts.

where: udyn and ld,dyn are bond strength and development length for dynamic impact, 
and the strength of steel rebar considered at dynamic condition during elastic–plastic 
state (σdyn) is considered from published journal as 68.1 ksi (68,100 psi or 0.4695 MPa) 
(Shi et al. 2008).

Accordingly, this increase in the compressive strength when the pier is under dynamic 
loading leads to an increase in the bond strength and concurrent decrease in the 
required development length as shown in the Figs. 8 and 9. This relationship also cor-
roborates the increased shear strength of the concrete at specific vehicle impact load.

Static requirements comprising bond strength and development length are compared 
with the dynamic requirements as shown in the Figs. 8 and 9. The bond strength of the 
reinforced concrete member increases with the increase in the compressive strength 
induced by the high strain rate of loading. This trend continues to hold across the differ-
ent concrete compressive strengths analyzed, and is as shown in Fig. 8. However, there is 
a steady decrease in the change in bond strength as the compressive strength increases 
with a 35% change at 3 ksi (20.68 MPa) reducing to 11% change at 10 ksi (68.95 MPa) 
between the static and dynamic bond strengths.

(28)udyn = 9.5 ∗ (f
′

cd)
1
2 /db

(29)ld,dyn = 0.04 ∗ Ab ∗ σdyn/(f
′

c,d)
1
2

Fig. 8  Bond strength at increasing compressive strength
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Similarly, the initial difference in the change in required development length progres-
sively decreases with the required length 15% lower for dynamic loading than for static 
loading at 3 ksi (20.68 MPa) until the required length for the pier under dynamic loading 
is slightly higher than that for static loading for the 10 ksi (68.95 MPa) concrete com-
pressive strength. These results indicate that the RC pier’s ability to resist loads increases 
during impact events primarily due to the effect of the high strain rate of loading on the 
materials.

5 � Discussion of results
This paper discusses the results of an analytical investigation into the effects of the 
dynamic increase factor on the residual capacity of a RC pier subjected to vehicular 
impact. Two methods of computing the post impact residual capacity were tested. The 
first, using the damage index method, involves computing a damage index as a ratio of 
the impact force to the shear capacity. This ratio is subtracted from one and used as a 
multiplier to reduce the structural capacities of the pier. The second method goes fur-
ther in utilizing the damage index equation as a limit state equation to compute the 
probability of failure of the pier, and then uses this probability of failure to compute 
a resistance reduction factor. The resistance reduction factor is then used as a multi-
plier to reduce the design capacities, thus obtaining the residual capacities. The resist-
ance reduction method was found to be slightly more conservative, estimating less 
residual capacity values at lower speeds. At higher speeds of 65 mph (40.38 km/hr) 
and beyond, however, the residual capacity proposed by the damage index diverged 
conspicuously from the trends at lower speeds, indicating a reduction in residual 
axial capacity with increasing compressive strength. This is in stark contrast to the 
expected static behavior of concrete and can be attributed to the nonlinear change in 
the shear strength with increasing compressive strength, leading to nonlinear changes 
in the damage index and by extension the residual capacity. This indicates that this 

Fig. 9  Development length at increasing compressive strength
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method might not accurately portray the behavior of the pier when hit with objects at 
high impact velocities. This drawback of the damage index is overcome in using the 
resistance reduction method, which in using a reliability analysis, accurately projects 
the influence of each design variable’s contribution to the pier’s resistance and as such 
is not unduly influenced by a single design parameter. Analyzing results for differ-
ent speeds and different vehicle masses allowed for some conclusions to be drawn as 
to optimal compressive strengths of concrete to balance the paradoxical changes in 
axial and shear strength at changing compressive strengths Results from the Figs. 4 
and 7 indicate that in order to optimize the axial and shear capacities of an RC pier, 
concrete compressive strengths between 6 to 7 ksi (41.36 to 48.26 MPa) should be uti-
lized to allow the pier resisting dynamic impact to retain some residual capacity and 
stay in service. As the compressive strength is a material property, the vehicle class 
has no effect on it. Furthermore, as the residual capacities are changing with changing 
the weights (vehicle class) and velocity of impact of vehicles, the intersection between 
the residual capacities stay constant at a specific compressive strength. This indicates 
that in order to design a column for vehicle impact, the inflexion point represents the 
good tradeoff between the compressive strength and resistance value where both the 
shear and axial capacities can be optimized for impact resistance. These results cor-
roborate with the results from other perspectives such as energy methods, published 
in the existing literatures (Roy and Sorensen 2021b; a).

In addition, the change in the bond strength and consequently the development length 
due to a change in the compressive strength at high strain rates are also analyzed. It is 
noted that there is a significant increase in the bond strength under high strain rates 
compared to the bond strength under static loading conditions. This difference is quite 
significant at lower compressive strengths and gradually reduces with increasing com-
pressive strength. A similar observation was found for the development length, with 
a decrease in the required development length at high strain rates compared to the 
requirement under static loading conditions. This difference in requirement decreases 
with increasing compressive strength becoming insignificant beyond 7 ksi (48.26 MPa). 
These observations indicate that the enhancement of the design properties of the RC 
pier due to increase in the compressive strength of the concrete at high strain rates, 
encapsulated in the DIF, gradually reduces and will at some point be negated at ultra-
high compressive strengths, for example ultra-high-performance concrete (UHPC).

The dynamic over static bond stress ratios (udyn/u) and corresponding development 
length ratios (ld,dyn/ld) at various concrete compressive strengths (f ’c) are plotted and 
shown in Fig. 10. From Fig. 10, udyn/u and ld,dyn/ld are showing second degree polynomial 
increasing and decreasing trends respectively according to the gradual increase in con-
crete compressive strengths, ranging from 3 to 10 ksi (20.68 to 68.95 MPa). This study 
proffers significant practical correlations that are summed up for encapsulating demand 
for dynamic bond strength and corresponding development length in order for safely 
withstanding vehicle impact loading by the concrete pier. As an outcome of this study 
using regression analyses, two corresponding relationships comprising dynamic bond 
strength and development length, as shown in the Fig. 10, are presented in the Eqs. 30 
and 31. These equations will help to determine the dynamic demands comprising bond 
strength and development length from their corresponding static counterparts.
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where: udyn and ld,dyn are the dynamic bond strength and development length demand 
for dynamic load, u and ld are the static counterparts representing bond strength and 
development length, and f ’c is the compressive strength of concrete in expressed in psi.

6 � Conclusions
This research offers an insight into quantifying the severity of damage to the impacted 
RC piers exposed to vehicle collision. This approach conservatively examines concrete 
of a bridge pier as the primary material in resisting vehicular impact. An optimal con-
crete strength to resist vehicle impact is determined by using the damage index method. 
Similarly, an optimal concrete strength is determined via a resistance reduction factor, 
computed using reliability analysis. The resistance reduction factor is then used as a mul-
tiplier to reduce the design capacities, thus obtaining the residual capacities. This study 
can serve as an important tool for practitioners and aid to forensic structural engineers 
in scrutinizing the post impact serviceability as well as performance studies of concrete 
used in bridge piers. Some conclusions that can be drawn from the analyses carried out 
to determine vehicle impacted residual capacity subjected to concrete strength, include:

Concrete compressive strengths between 6 to 7 ksi (41.36 to 48.26 MPa) should be 
utilized to allow the RC pier to safely resist vehicle impact.

The post impact pier performance is further scrutinized using bond strength. It has 
been put down that there is a significant increase in the bond strength when subjected 
to dynamic loading conditions compared to bond strength under static loading condi-
tions. This difference gradually decreases with the increase in compressive strength.

(30)udyn = u.[−3.10−9(f
′

c )
2 + 7.10−5

(

f
′

c

)

+ 0.6745]

(31)ld,dyn = ld .[5.10
−9(f

′

c)
2 − 0.0001.

(

f
′

c

)

+ 1.5869]

Fig. 10  Bond stresses and development length’s ratios at corresponding concrete compressive strength
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Accordingly, the change in bond strength leads to changes in the required develop-
ment length, with a decrease in the required development length at high strain rates 
compared to the requirement under static loading conditions. This difference in require-
ment decreases with increasing compressive strength and is inconsequential beyond 7 
ksi (48.26 MPa).

Dynamic demands for bond strength and development length can be computed by 
using the Eqs.  30 and 31 from their corresponding static counterparts and concrete 
compressive strength to safely withstand specific vehicle impact load by the traditional 
RC pier.

7 � Symbols:
fcd Dynamic compressive strength at the dynamic strain rate.

έd Dynamic strain rate of concrete.
fcs Static compressive strength as quasi-static strain rate.
έ Quasi-static strain rate at concrete.
DIF Dynamic increase factor.
CDIF Dynamic increase factor for concrete in a compression.
α Dynamic constant.
fcu Cube compressive strength.
M Weight of semi-trailer vehicle.
V Impact velocity.
Fmax Frontal impact force.
t Duration of impact.
E Total impact energy.
Ir Frontal shock (force) due to vehicle impact.
Ir,max Frontal overpressure.
td

+ Positive phase for impact pressure.
γ Decay co-efficient of the waveform.
Idyn Dynamic impact force.
λ Damage index.
fc

’ 28 days’ compressive strength of concrete,
σo Yield strength of steel.
Ag Gross cross-sectional area of concrete and.
As Total cross-sectional area of longitudinal steel.
ΡTransverse steel ratio.
VcShear strength carried by concrete.
VsTransversal shear capacity.
νbShear constant.
AhArea of single hoop for transverse steel.
ρtLongitudinal steel ratio.
DSpiral diameter of transversal steel.
σyh Yield stress of transverse steel.
uMaximum bond stress.
udynMaximum bond stress.
db Bar diameter.
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ld Development length.
ld,dyn Demand for development length at impact.
fy Static yield strength of steel.
Pf Probability of failure.
β Reliability index.
Φ Reliability function.
Φ−1 Inverse of the tail probability function.
Ec Elastic modulus of concrete.
f ’c,d Dynamic compressive stress of concrete.
Conversion Chart for the US Customary to the Equivalent SI Units.

US Customary SI Unit

1 ksi
1 psi

6.89 MPa (kN/mm2)
0.00689 Mpa (kN/mm2)

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)
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