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Abstract.    This paper investigates the transverse impact response for ultra lightweight cement composite (ULCC) 
filled pipe-in-pipe structures through a parametric study using both a validated finite element procedure and a 
validated theoretical model. The parametric study explores the effect of the impact loading conditions (including the 
impact velocity and the indenter shape), the geometric properties (including the pipe length and the dimensions of the 
three material layers) as well as the material properties (including the material properties of the steel pipes and the 
filler materials) on the impact response of the pipe-in-pipe composite structures. The global impact responses 
predicted by the FE procedure and by the theoretical model agree with each other closely. The parametric study using 
the theoretical approach indicates the close relationships among the global impact responses (including the maximum 
impact force and the maximum global displacement) in specimens with the equivalent thicknesses, proposed in the 
theoretical model, for the pipe-in-pipe composite structures. In the pipe-in-pipe composite structure, the inner steel 
pipe, together with the outer steel pipe, imposes a strong confinement on the infilled cement composite and enhances 
significantly the composite action, leading to improved impact resistance, small global and local deformations. 
 

Keywords:   impact response; steel-concrete composite; dynamic analysis; sandwich composite; ultra-
lightweight cement composite 
 
 
1. Introduction 
 

Concrete filled pipe-in-pipe composite structures have demonstrated enhanced structural 
resistance and energy absorption capacity against various external loadings in recent studies (Zhao 
and Han 2006, Han et al. 2006, Zhang et al. 2012) due to the steel-concrete-steel composite action. 
This composite structure, therefore, provides a potential solution to improve the impact resistance 
for onshore and offshore pipelines, threatened and damaged frequently by external interference, 
such as external impacts and indentations (Brooker 2005). Practical applications of such composite 
structures in a harsh environment require a comprehensive understanding and an extensive 
investigation on the transverse impact response for these pipe-in-pipe composite structures, with a 
large range of geometric and material properties, under various impact loading conditions. 

Previous studies on the steel hollow pipes have paved a strong foundation in understanding the 
impact behavior of pipe-in-pipe composite structures. Researchers have carried out a large number 
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of experimental studies on steel hollow pipes under the transverse impacts (Thomas et al. 1976, 
Jones et al. 1992). They further considered the internal pressure and the axial pre-load effect on the 
impact response for hollow pipes (Ng and Shen 2006, Jones and Birch 2010, Zeinoddini et al. 
2002). In recent years, many researchers have utilized the finite element (FE) software, such as 
ABAQUS (ABAQUS 2010) and LS-DYNA (Hallquist 2006), to analyze the impact behavior of 
hollow pipes, as an alternative to the otherwise expensive experimental study (Zeinoddini et al. 
2008a, b, Arabzadeh and Zeinoddini 2011, Zeinoddini et al. 2013, Famiyesin et al. 2002, Yang et 
al. 2009, Mamalis et al. 2010). Besides the experimental and the numerical study, researchers have 
also proposed some theoretical methods to estimate the dynamic response for hollow pipes under 
the transverse impact (Shen and Shu 2002, Wen 1997, Wen and Reid 1998). The aforementioned 
studies indicate that thin-walled steel hollow pipes demonstrate limited impact resistance, coupled 
with severe damage leading to large global deformation and local indentation. However, previous 
research efforts on the impact response have focused primarily on other types of composite 
structures (Ding et al. 2014, Crupi et al. 2011, Xie et al. 2014, Jankowiak et al. 2014, Malekzadeh 
2014, Kantar and Anil 2012, Kharazan et al. 2014). The impact response for sandwich pipe 
structures remains a challenging topic due to the complexity of the dynamic problem. 

This study investigates numerically and theoretically the impact response of the simply 
supported pipe-in-pipe composite system consisting of two steel pipes with infilled ultra-
lightweight cement composite (ULCC) (Chia et al. 2011) in-between the two pipes (see Fig. 1). 
The sandwich composite pipe, also known as the double-skin composite tube, originates from the 
steel-concrete-steel (SCS) sandwich panels and concrete-filled pipes (CFP) in recent years (Zhao 
and Han 2006). Most of the research works on the sandwich composite tubular members have 
focused on the axial compression performance (Uenaka et al. 2010, Zhao et al. 2010, Li et al. 
2012, Yang et al. 2012), the external pressure capacity (Arjomandi and Taheri 2011, An et al. 2012) 
as well as the bending behavior (Uenaka and Kitoh 2011). Wang et al. (2014) have recently 
explored experimentally the transverse impact performance of ULCC-filled pipe-in-pipe 
composite structures, proving the promising applications and huge potential of such composite 
pipes in offshore pipelines due to the significantly enhanced capacity, deformation resistance and 
energy absorption capability compared to steel hollow pipes. Their experimental results also 
demonstrate the general effect of each material layer on the impact response for the sandwich 
composite pipe, i.e., the outer pipe and its thickness determine directly the impact resistance and 
the global bending deformation; the increase in the cement composite layer thickness limits 
effectively the indentation of steel pipes and restricts the indentation within a high localized region 
around the impact location; the increase in the inner pipe thickness shows slight influence on the 
impact response of the pipe (Wang et al. 2014). However, the experimental investigation (Wang et 
al. 2014) includes a limited number of composite pipe specimens (16 specimens with only 7 
geometric variations), which have the very similar material properties (σy = 400 MPa and fc = 60 
MPa) and subjected to the impact from the same drop weight releasing at a constant drop height of 
3.4 m. Hence, an improved understanding on the impact response of the pipe-in-pipe composite 
structure requires further parametric study, which covers various impact loading conditions, 
geometric and material properties of the composite pipes. 

This study, therefore, aims to provide a comprehensive examination on the physical responses 
of the pipe-in-pipe structures under lateral impacts through a parametric investigation based on the 
validated FE procedure (Wang et al. 2014) and theoretical model (Wang 2015). The FE analyses 
allow a detailed investigation on the geometry (for both the structure and the indenter), the 
material and the loading conditions of the structural system, and reveal physical responses of the 
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Fig. 1 The ultra-lightweight cement composite (ULCC) filled pipe-in-pipe composite structure 
 
 

structure not previously observed during the limited-scope experimental study. The analysis by the 
theoretical model provides a quick examination of the global resistance of the pipe-in-pipe 
structure with different geometric parameters and loading conditions. 

This paper starts with a brief introduction to the methodologies used in this parametric study, 
including the FE procedure and the theoretical method. This section also presents the scope of the 
parametric study. The next section investigates the effect of the impact loading condition (the 
impact velocity and the indenter shape), the geometric property (the pipe length and the 
dimensions of the three material layers) as well as the material property (the steel pipe material 
property and the filler material property) on the impact response of the pipe-in-pipe composite 
structures. The last section summarizes the conclusions drawn from this parametric study. 
 
 
2. Methodology 
 

2.1 Finite element procedure 
 
The FE simulation utilizes the explicit code in the nonlinear finite element software LS-DYNA 

(Hallquist 2006). Fig. 2(a) shows a typical quarter-symmetric FE model for the composite pipe in 
the numerical analysis. All nodes on the symmetric plane remain constrained in the displacement 
degree of freedom perpendicular to that plane. The material property for the steel follows the J2 
plasticity model (type MAT_24 in LS-DYNA (Hallquist 2006). The concrete damage model (type 
MAT_72R3 in LS-DYNA (Hallquist 2006)), developed by Malvar et al. (1997), is used to 
describe the cement composite properties. This material model employs three independent surfaces 
to describe the elastic-plastic behavior for the ULCC, i.e., the initial yield surface, the maximum 
failure surface and the residual failure surface. The steel pipes as well as the cement composite 
employ eight-node solid elements with reduced integration and hourglass control. Figure 2a shows 
a simplified saddle support model to represent the boundary conditions of the pipe specimen in the 
impact test. The simplified support, merged with the pipe model, rotates about a line of nodes 
(restrained in the vertical direction, uz = 0 as highlighted in Fig. 2(a) at the bottom under the 
impact loading. The FE model includes the drop weight with a semi-cylindrical impact indenter (r 
= 30 mm and a width of 300 mm), as shown in Fig. 2(b) (Section 3 examines the effect of indenter 
shape on the impact response). After the impact test, slippage occurs between the two steel pipes 
and the cement composite layer. To model this incompletely bonded surface interaction, the 
interface between the steel pipe and the cement composite follows the automatic surface-to-surface 
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(a) A typical quarter-symmetric FE model for a composite pipe 
 

 

(b) The simply supported pipe-in-pipe composite structure under the drop weight impact 

Fig. 2 FE model and test setup for the composite pipe specimens 
 
 

contact with a penalty algorithm. The interface between the impact indenter and the outer steel 
pipe also employs the surface-to-surface contact model. For two deformable surfaces in contact, 
the master surface refers usually to the stiffer body or the surface with a coarser mesh if the two 
surfaces have comparable stiffness (Hallquist 2006). Therefore, the FE procedure selects the steel 
surfaces (for both the inner and outer pipe) as the master surface as they are in contact with the 
cement composite (slave surface) while defines the outer steel pipe surface as the slave surface as 
it is in contact with the indenter (master surface). When LS-DYNA detects a penetration from the 
slave node into the master surface, the numerical procedure introduces a fictitious spring to 
simulate an interfacial force between the slave node and its corresponding node on the master 
surface to push the node out from the master surface. 

The parametric analysis chooses one basic pipe-in-pipe specimen, CCFPIP-2-1, in the 
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experimental study (Wang et al. 2014) as the benchmark since the specimen CCFPIP-2-1 (see 
Table 1 and Fig. 3) represent approximately the average material and geometric properties among 
the total 16 composite specimens in the entire experimental program (Wang et al. 2014). The 
tensile strength of the cement composite material equals 3.4 MPa, measured from the 28-day split-
cylinder tests. The numerical procedure incorporates the strain rate dependence of the cement 
composite and steel materials. For concrete materials under compression, the dynamic increase 
factor (DIF) on the compressive strength (in MPa) follows (CEB 1993) 
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The DIF for the tensile strength of cement composite (in MPa) employs the recommendation by 

Malvar and Ross (1998) 
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For steel materials, the DIF on the yield strength adopts the commonly used Cowper and 

Symonds model (2008) 
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Fig. 3 illustrates the uni-axial true stress-true strain relationship for the steel material and that 

for the cement composite material under unconfined, uniaxial compression. 
 
 

(a) Uni-axial true stress-true strain relationship for steel (b) stress-strain relationship for the ULCC 

Fig. 3 Material properties for CCFPIP-2-1 
 
 

Table 1 Details of the benchmark specimen CCFPIP-2-1 by Wang et al. (2014) 

Specimen 
L 

(m) 
Lo

(m) 
Do 

(mm) 
to 

(mm)
Di 

(mm)
ti 

(mm)
tc 

(mm)
σy 

(MPa)
fc 

(MPa)
ρc 

(kg/m3) 
Vo 

(m/s) 
md

(kg)

CCFPIP-2-1 2 1.8 219.1 6.3 139.7 5.0 33.4 395.4 64.9 1470 7.56 1350

E = 208 GPa
 = 0.3
y = 395 MPa
u = 560 MPa

 MPa


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800

200

0

400

600
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The following discussion uses “CCFPIP-2-1” to designate sandwich composite models with the 
same geometric dimensions as the experimental specimen CCFPIP-2-1 in the experiment (Wang et 
al. 2014). In Table 1, md refers to the mass of the drop weight, which remains fixed at 1350 kg 
throughout this study. Fig. 4 presents the close agreement between the impact test results (Wang et 
al. 2014) and the FE analysis for CCFPIP-2-1, in both the global response of the pipe specimen 
(Figs. 4(a) and (b)) and the local behavior of the pipe (Figs. 4(c) and (d)). In Fig. 4, P denotes the 
impact force; wg represents the global displacement, measured by the potentiometer attached to the 
pipe bottom at the mid-span (see Fig. 2b); δ refers to the local indentation, which equals the 
difference in displacement between the top surface and the bottom surface of the pipe (see Fig. 
2(b)); and ε indicates the strain value measured at the quarter-span positions S-1 and S-2 (see Fig. 
2(b)). The horizontal axis in Fig. 4(c) measures the distance from the center of the pipe along the 
longitudinal axis of the pipe (see Fig. 2). The experimental procedure measures the impact force 
history through three dynamic load cells connected to high-strength steel indenter, and monitors 
the global displacement through displacement transducers mounted on the specimen. The FE 
analysis computes the impact force by summing the contact force between the indenter surface and 
the outer surface of the pipe-in-pipe specimen. 

The parametric study, using the validated FE procedure, investigates the effect of the impact 
velocity (Vo  [2.5 m/s, 10.0 m/s]), the indenter shape (semi-cylindrical indenter with r  [15 mm, 
60 mm] and flat head indenter with a width of 60 mm), the pipe length (L  [2 m, 6 m]), the steel 

 
 

(a) Impact force history (b) Global displacement history 
  

(c) Local indentation profile after the impact (d) Strain history (average of S-1 and S-2) 

Fig. 4 Comparison of the impact response between the test data, the FE results and the theoretical predictions
for CCFPIP-2-1 by Wang et al. (2014) 
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pipe strength (σy  [250 MPa, 690 MPa]) as well as the filler material strength (fc  [30 MPa, 110 
MPa]) on the impact response of pipe-in-pipe composite structures. In addition, the parametric 
study explores the inner pipe effect on the impact behavior for the sandwich composite pipe by 
comparing the response of two pipe-in-pipe composite models with different inner pipe 
thicknesses (ti = 50 mm and 6.3 mm respectively), one composite pipe model without inner pipe 
and one steel hollow pipe model in the FE analyses. Furthermore, the parametric study examines 
the impact response for pipe-in-pipe composite models with different filler materials, including the 
ULCC, the normal weight concrete and the high strength grout, by applying specific coefficients 
respectively in the material model (type MAT_72R3 in LS-DYNA (Hallquist 2006)) based on the 
material test data. 

 
2.2 Theoretical model 
 
Wang (2015) has proposed a theoretical model to estimate the global response for pipe-in-pipe 

composite structures under the transverse impact, including the impact force response and the 
global displacement response. The theoretical model integrates a validated load-indentation (P-δ) 
relationship, derived by an analytical two-stage approach (Qian et al. 2015), into the deformation 
response of the sandwich composite pipe 

 

t gw w    (4)
 

where wt denotes the total deflection at the impact location on the pipe and wg refers to the global 
displacement of the pipe. 

The theoretical model assumes that the displacement for the impact indenter equals the total 
deflection at the impact location on the pipe, i.e., the impact indenter remains in contact with the 
pipe throughout the impact process. The displacement for the indenter (also the total deflection at 
the impact location on the pipe wt) at time t follows (Lee 1940) 

 

0

1
( )= ( )( )

t

t o
d

w t V t P t d
m

     (5)

 
where Vo refers to the initial impact velocity and md denotes the mass of the drop weight, i.e., 1350 
kg in this study. P represents the transverse impact force, varying with the time. 

The global displacement (wg) for the pipe consists of two parts 
 

, ,=g g e g pw w w  (6)
 

where wg,e and wg,p refer to the elastic and the plastic global displacement of the pipe, respectively. 
The theoretical method treats the simply supported pipe as a beam and employs Timoshenko's 
beam theory (Lee 1940, Goldsmith 1960) to calculate the elastic displacement. At time t, the 
elastic global displacement at the mid-span of the pipe follows (Lee 1940, Goldsmith 1960) 
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in which mp refers to the total mass of the pipe and ωi defines the ith angular frequency of the 
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natural vibration for the pipe (i = 1, 3, 5 …). 
The theoretical model derives the plastic global displacement (wg,p) through an energy approach, 

which assumes that the plastic hinge at the mid-span dissipates all the global plastic energy (Eg,p) 
for the simply supported pipe and ignores energy losses during the impact 

 

, ,

4
=2 p

g p p g p
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M
E M w

L
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M M
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where Mp denotes the plastic moment capacity of the pipe cross section at the mid-span. θ and Lo 
represent the rotation at the support and the clear span length of the pipe, respectively. Ed, Eδ and 
Eg,e refer to the kinematic energy, the local indentation energy and the elastic global deformation 
energy for the pipe, respectively. 

On the other hand, the two-stage approach (Qian et al. 2015) estimates the P-δ relationship for 
pipe-in-pipe composite structures in two different phases, i.e., the composite stage and the 
separation stage. In the composite stage, the analytical approach extends a theoretical shell model 
(see Fig. 5) for steel hollow pipe (Wierzbicki and Suh 1988), consisting of a ring model (see Fig. 
5(b)) and a generator model (see Fig. 5(c)), to the current sandwich pipes. The bending in the ring 
model and the extension in the generator model contribute to the load capacity of the pipe structure. 
In the ring model, the plastic moment capacity of the steel hollow pipe wall with a unit width 
follows 

21

4o y oM t  (10)

 

For sandwich composite pipes, the equivalent plastic moment capacity, Mo, of the sandwich 
pipe wall with a unit width depends on the location of the neutral axis, and follows the below 
expressions for four different situations. For to > ti and fc < σy (to – ti)/tc 
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For to > ti and fc > σy (to – ti)/tc 
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For to = ti 
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For to < ti 
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The above calculation of Mo ignores the tensile strength of the cement composite. Therefore, 
the equivalent thickness in the sandwich composite pipe for the ring model tring, becomes, for to > ti 
and fc < σy (to – ti)/tc 

2 2
2

2

2 ( )
( ) 4 c c o c i c c

ring o i c i
y y

f t t t t f t
t t t t t

 
 

      (15)

 

For to > ti and fc > σy (to – ti)/tc 
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For to = ti 
 

2 ( )ring o c ot t t t   (17)
 

For to < ti 
 

2( ) 4ring o i o ct t t t t    (18)
 

In the generator model, the axial capacity of the steel hollow pipe wall with a unit width 
follows 

o y oN t  (19)
 

Neglecting the cement composite in tension, the equivalent axial capacity, No, of the sandwich 
 
 

 

(a) Deformed cross-sectional shape of the pipe (b) Rings in the pipe 
  

 

(c) Generators in the pipe (d) An inextensible ring bending about generators 

Fig. 5 A simplified shell model 
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composite pipe wall with a unit width becomes 
 

( )o y o iN t t   (20)
 
Hence, the equivalent thickness in the sandwich composite pipe for the generator model, tgen, 

follows 
gen o it t t  (21)

 
Using a similar approach for steel hollow pipes by Wierzbicki and Suh (1988), the P-δ 

relationship for the current sandwich pipes in the first composite stage becomes 
 

2y ring genP t t    (22)
 
With the increasing local indentation, the large deformation in the steel pipe and the cement 

composite failure leads to the separation of the originally in contact steel and cement composite 
surfaces. The loss of contact between the two materials dismisses the composite action and causes 
a slower increase in the pipe resistance as the indentation increases. Thus, the P-δ relationship of 
the sandwich pipe enters into the second stage, namely the separation stage. In this phase, the 
indentation resistance derives from three individual layers of materials (Qian et al. 2015) 

 

o i cP P P P    (23)
 

in which Po, Pi and Pc represent the indentation resistance contributed by the outer pipe, the inner 
pipe and the cement composite layer respectively. 

Substituting Eqs. (5), (6), (7), (9) and the two-stage P-δ relationship (Eqs. (22) and (23)) into 
the deformation response of the sandwich composite pipe under the transverse impact (Eq. (4)), 
leads to an equilibrium function with an unknown impact force history. Using a numerical 
procedure (Wang et al. 2015), the theoretical method solves iteratively the equilibrium function to 
determine the global impact response for the pipe-in-pipe composite structures, including the 
impact force history and the global displacement history. 

Fig. 4 demonstrates the reasonable agreement between the test data (Wang et al. 2014) and the 
theoretical predictions for the global impact response of CCFPIP-2-1, including the impact force 
history (Fig. 4(a)) and the global displacement history (Fig. 4(b)). The theoretical method provides 
a quick and reasonable prediction on the global impact response (including the global impact 
resistance and the maximum global displacement) for pipe-in-pipe composite structures, as an 
alternative to the computationally demanding FE analysis and the expensive experimental 
approach. 

Compared to the FE procedure, the theoretical model treats the composite pipe as a beam, 
leading to the difficulty in providing accurate local details of the impact response, including the 
indentation profile, the strain values, etc. In the above theoretical model, the two-stage P-δ 
relationship (Eqs. (22) and (23)) ignores the indenter shape differences in the first composite stage 
[see Eq. (22)]. Nevertheless, this paper employs the theoretical method to investigate the effect of 
the impact velocity (Vo  [2.5 m/s, 10.0 m/s]), the pipe length (L  [2 m, 6 m]), the steel pipe 
strength (σy  [250 MPa, 690 MPa]) as well as the cement composite strength (fc  [30 MPa, 110 
MPa]) on the global response of the pipe-in-pipe composite structures. The parametric study based 
on the theoretical method covers a wide range of geometric properties for the pipe-in-pipe 
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composite structures (Do / to  [21.9, 43.8], Di / ti  [11.4, 42.1] and tc  [15.4 mm, 44.4 mm]) 
subjected to various impact velocities (Vo  [2.5 m/s, 10.0 m/s]). 
 
 
3. Results and discussion 
 

3.1 Effect of the impact loading condition 
 
This section investigates the impact response for pipe-in-pipe composite structures under 

various impact loading conditions, including different impact velocities and impact using different 
indenters. Table 2 and Fig. 6 present the impact response for CCFPIP-2-1 under various impact 
velocities, predicted by the FE analysis and the theoretical model. In Table 2, “V1”, “V2”, “V3” 
and “V4” denote the initial impact velocity (Vo) of 10.0 m/s, 7.5 m/s, 5.0 m/s and 2.5 m/s, 
respectively. These four initial impact velocities belong to the low impact velocity, i.e., Vo ≤ 10 m/s 
as defined in (Richardson and Wishear 1996), since most of the external impacts for offshore 
pipelines are low-velocity impacts (DNV-RP-F107 2010, DNV-RP-F111 2010). The low-velocity 
impact causes negligible strain-rate dependence of the steel and cement composite materials in the 
pipe-in-pip composite structures, as confirmed by Wang et al. (2014). The four FE analyses 
employ the same steel and cement composite strength, i.e., σy = 400 MPa and fc = 60 MPa, with the 
stress-strain relationship illustrated in Fig. 3. The force Pm (see Table 2) refers to the post-peak 
mean force, proposed in (Wang et al. 2014), to estimate the impact force in the stable phase 

 
max

o

w

gw
m

max o

Pdw
P

w w





 (24)

 
where wo denotes the global displacement when the impact force (P) reaches its maximum value 
Pmax and wmax defines the maximum global displacement. The force Pm represents an equivalent 
force that produces the same amount of post-peak work as the dynamic impact force and provides 
a good reference to the real structural resistance under the transverse impact (Wang et al. 2014). In 
general, the global impact responses predicted by the FE procedure agrees closely with that 
estimated by the theoretical model, as shown in Table 2. Compared to the FE analysis, the 
theoretical method overestimates slightly the post-peak mean force (Pm) since the theoretical 
method ignores the cement composite failure during the impact, as discussed in Section 2.2. 

 
 

Table 2 Impact response for CCFPIP-2-1 under various impact velocities 
from FE analyses and theoretical predictions 

Case 
Vo 

(m/s) 
Ei 

(kJ) 

Pmax 
(kN) 

wmax 

(mm) 
Pm 

(kN) 
δmax

(mm)

FE Theory Theory/FE FE Theory Theory/FE FE Theory Theory/FE FE

V1 10.0 67.5 647.3 588.9 0.91 127.8 139.5 1.09 408.6 457.0 1.12 36.3

V2 7.5 38.0 508.2 521.7 1.03 73.5 77.2 1.05 402.7 447.8 1.11 23.9

V3 5.0 16.9 459.3 461.0 1.00 34.8 34.7 1.00 388.9 407.8 1.05 17.9

V4 2.5 4.2 362.6 383.8 1.06 10.5 9.1 0.87 323.8 332.6 1.03 8.4
 

1095



 
 
 
 
 
 

Yu Wang, Xudong Qian, J.Y. Richard Liew and Min-Hong Zhang 

(a) Impact force history (b) Global displacement history 
  

(c) Local indentation profile after the impact (d) Strain history (average of S-1 and S-2) 

Fig. 6 Comparison of the impact response (predicted by the FE procedure) for CCFPIP-2-1 under different 
impact velocities 

 
 
The impact force history consists generally of three phases, i.e., the vibration phase, the stable 

phase and the unloading phase, as illustrated in Fig. 6(a). However, the composite pipe in the case 
V4 (under a low impact velocity, 2.5 m/s) exhibits a very short stable phase with a relatively low 
impact resistance, caused by the low impact energy. At the very beginning of the impact, the 
composite pipe requires a high impact force to accelerate from a zero velocity to a speed 
approaching that of the drop weight. Therefore, the increase in the impact velocity, i.e., the initial 
velocity of the drop weight, leads to the significant rise in the maximum impact force (Pmax), as 
shown in Fig. 6(a). The increase in the impact velocity (from 5.0 m/s to 10.0 m/s), however, 
demonstrates small influences on the post-peak mean force (Pm) since Pm provides a good 
reference to the real structural resistance of the pipe-in-pipe composite member under the 
transverse impact. The force Pm for case V4 is smaller (about 20%) than that for the other three 
cases as the relatively low impact energy is insufficient to mobilize the full impact resistance of the 
pipe. Figs. 6(b) and (c) compare the global displacement histories and the local indentation profiles, 
respectively, for CCFPIP-2-1 under various impact velocities. The increase in the impact velocity 
implies the increment of the impact energy and thus intensifies both the global and the local 
deformations. Figure 6d indicates the marginal increase in the strain values at the positions S-1 and 
S-2 (at the quarter-span of the pipe) with the increase of the impact velocity since the cement 
composite restrains effectively the large deformation in the outer steel pipe at the quarter-span 
position. 
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Fig. 7 Comparison of the transverse force versus the global displacement curve for CCFPIP-
2-1 under the impact load (Vo = 7.5 m/s) and the static load 

 
 
This study also investigates the behavior of the pipe-in-pipe composite specimen under the 

static load at the mid-span. The static FE analysis uses the same FE model, including the boundary 
conditions, the geometric and the material properties, as the dynamic model, but employs the 
implicit solver in LS-DYNA (Hallquist 2006). Fig. 7 compares the force versus the global 
displacement (P-wg) curve for CCFPIP-2-1 under an impact load of Vo = 7.5 m/s and that subjected 
to a static load. Unlike the dynamic P-wg curve with three phases, the static P-wg curve shows a 
slow increase to a plateau and maintains this plateau to a large deformation level (wg/R = 0.6). The 
load resistance (i.e., the force corresponding to the plateau) in the static FE analysis shows a 
magnitude close to the post-peak mean force (Pm) in the dynamic FE analysis since both of them 
represent the structural strength for CCFPIP-2-1. 

The impact test program by Wang et al. (2014) employs a drop weight with a semi-cylindrical 
impact indenter (r = 30 mm), as shown in Fig. 2(b). This parametric study compares the impact 
response (predicted by the FE procedure) for CCFPIP-2-1 under the impact using indenters with 
different shapes and sizes, as presented in Table 3 and Fig. 8. In Table 3, “r1”, “r2” and “r3” 
denote the FE simulations using a semi-cylindrical indenter with the radius of 60 mm, 30 mm and 
15 mm, respectively, while the “Flat head” refers to the FE simulation containing a flat-head 
indenter with a half width (in the y direction in Fig. 2) of 30 mm. The indenter length (in the x 
direction in Fig. 2) for the four simulation cases remains fixed at 300 mm. The four simulation 
cases utilize the same steel and cement composite strength, i.e., σy = 400 MPa and fc = 60 MPa, as 
well as the same initial impact velocity (Vo = 7.5 m/s). 

The initial phase of the impact engages an apparently larger contact area between the pipe and 
the flat-head indenter than that between the pipe and the semi-cylindrical indenter, leading to the 
highest maximum impact force (Pmax) for the flat head indenter, as shown in Fig. 8(a). The 

 
 

Table 3 Impact response for CCFPIP-2-1 subjected to the impact from different indenters from FE analyses 

Case r (mm) Pmax (kN) wmax (mm) Pm (kN) δmax (mm) 

r1 60 538.9 74.0 405.5 22.7 

r2 30 508.2 73.5 402.7 23.9 

r3 15 506.3 72.8 394.7 24.7 

Flat head - 627.9 75.0 396.5 19.7 
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(a) Impact force history (b) Global displacement history 
  

(c) Local indentation profile after the impact (d) Strain history(average of S-1 and S-2) 

Fig. 8 Comparison of the impact response (predicted by the FE procedure) for CCFPIP-2-1 under different 
impact velocities 

 
 

maximum impact forces (Pmax) for the other three simulation cases (from r1 to r3) maintain a 
similar magnitude due to the marginal differences in the contact area among the three cases. The 
increase in the radius of the semi-cylindrical indenter, however, does lead to slight increases in the 
maximum impact force (Pmax) and the post-peak mean force (Pm), as listed in Table 3. Figure 8b 
illustrates the similar global displacement response for the composite pipe subjected to the impact 
using different indenters with the same external impact energy (Ei = 38.0 kJ). The increase in the 
contact area causes marginal deviations (within 3%) in the maximum global displacement for the 
composite pipe, as presented in Table 3. The increase in the contact area during the impact expands 
the indentation zone, leading to an enhanced resistance against the local indentation and a decrease 
in the indentation depth. Hence, the composite pipe under the flat-head indenter impact 
experiences the smallest local indentation, followed by the pipe under a semi-cylindrical indenter 
with the radius equal to 60 mm (r1), 30 mm (r2) and 15 mm (r3), as shown in Table 3 and Fig. 
8(c). Fig. 8(d) elucidates the close responses in the strain history at the positions S-1 and S-2 in the 
four FE simulation cases. 

 
3.2 Effect of the geometric properties 
 
The previous experimental study included only 16 pipe-in-pipe composite specimens with the 

same pipe length (L = 2 m) and very limited dimension variations in the outer pipe, the inner pipe 
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and the cement composite layer (Wang et al. 2014). This parametric study covers a large range of 
geometric properties, including the pipe length (L  [2 m, 6 m]) and the dimensions of the three 
material layers (Do / to  [21.9, 43.8], Di / ti  [11.4, 42.1] and tc  [15.4 mm, 44.4 mm]), for the 
pipe-in-pipe composite structures under the transverse impact. In addition, this study compares the 
impact response for different kinds of pipe structures to examine the effect of the inner steel pipe 
in providing confinement to the cement composite. 

 
 

Table 4 Impact response for pipe-in-pipe composite model with different length from FE analyses and 
theoretical predictions 

Case 
L 

(m) 
Lo 

(m) 
Pmax (kN) wmax (mm) Pm (kN) 

δmax

(mm)

FE Theory Theory/FE FE Theory Theory/FE FE Theory Theory/FE FE

L1 2 1.8 508.2 521.7 1.03 73.5 77.2 1.05 402.7 447.8 1.11 23.9

L2 3 2.8 578.3 419.7 0.73 128.2 138.5 1.08 270.4 260.2 0.96 18.4

L3 4 3.8 542.9 283.5 0.52 186.4 187.8 1.01 195.4 194.8 1.00 15.5

L4 6 5.8 548.8 221.9 0.40 340.9 311.4 0.91 120.2 122.8 1.02 13.5

 
 

(a) Impact force history (b) Global displacement history 
 

(c) Maximum local indentation 

Fig. 9 Comparison of the impact response (predicted by the FE procedure) for pipe-in-pipe 
composite models with different length 
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Table 4 demonstrates the impact response for pipe-in-pipe composite models with the same 
dimensions as CCFPIP-2-1 but different pipe lengths. In Table 4, “L1”, “L2”, “L3” and “L4” 
denote the simulation case with the pipe length of 2 m, 3 m, 4 m and 6 m respectively. The four 
cases utilize the same steel and cement composite strength, i.e., σy = 400 MPa and fc = 60 MPa (see 
Fig. 3), as well as the same initial impact velocity (Vo = 7.5 m/s). Figures 9 and 10 present the 
impact response for the pipe-in-pipe composite structures predicted by the FE procedure and the 
theoretical method. 

With the increase of the pipe length, the flexibility of the pipe increases significantly. In the FE 
simulations for cases L2, L3 and L4, the top surface of the pipe at the impact location experience a 
larger downward displacement than that of the indenter after the first strike, leading to the 
separation between the pipe and the indenter and thus a zero impact force (see Fig. 9(a)). The 
impact force regains quickly once the pipe and the indenter contact with each other again. The pipe 
specimen may experience multiple separations from the indenter and vibrate severely during the 
initial phase of the impact, as exemplified by the 6 m long pipe (case L4) in Fig. 9(a). Due to the 
increased flexibility with the increasing pipe length, the longer pipe specimens sustain a lower 
impact load, as a significant portion of the impact energy dissipates through the vibration of the 
pipes, as indicated by the Pmax and Pm values in Table 4. For similar reasons, the global 
displacement of the pipe at the mid-span increases with the increase in the pipe length, as shown in 
Fig. 9(b). Figs. 9(c) illustrates the maximum local indentation (δmax) for pipe-in-pipe composite 
models (outer pipe 219.1×6.3 and inner pipe 139.7×5) with four different pipe lengths, i.e., L = 2 
m, 3 m, 4 m and 6 m, subjected to four various impact velocities, i.e., Vo = 2.5 m/s, 5 m/s, 7.5 m/s 
and 10 m/s. Under the same impact velocity, the increase in the pipe length leads to the decrease in 
the maximum local indentation (δmax) since long pipes are more flexible to bend globally and thus 
dissipate more impact energy by the global deformation. Consequently, this leads to a lower 
impact energy absorbed by the local indentation compared to short pipes. The increase in the 
impact velocity intensifies the maximum local indentation (δmax) due to the increment of the 
external impact energy. 

To further investigate the zero impact force phenomenon for long pipes in the FE analyses, this 
study introduces a parameter named as momentum ratio (Rm) 

 
0

0

t

m
d o

Pdt
R

m V
   (25)

 
where md refers to the mass of the drop weight and Vo represents the initial impact velocity. t0 
denotes the time instant when the impact force (P) decreases to zero or to the bottom of the force 
valley after the initial strike. In the current FE simulations, the impact force becomes zero at the 
time instant t0 for cases L2, L3 and L4 while reduces to a non-zero value at the bottom of a force 
valley for case L1, as illustrated in Fig. 9(a). Table 5 summarizes the momentum ratio for both 
pipe-in-pipe composite models (outer pipe 219.1×6.3 and inner pipe 139.7×5) and hollow pipe 
models (219.1×10) with four different pipe lengths, i.e., L = 2 m, 3 m, 4 m and 6 m, under four 
various impact velocities, i.e., Vo = 2.5 m/s, 5 m/s, 7.5 m/s and 10 m/s respectively, in the FE 
analyses. In Table 5, the momentum ratio in bold indicates the separation of the pipe specimen 
from the indenter. The momentum ratio (Rm) reflects the amount of the momentum transferred 
from the drop weight to the pipe during the first strike. With the increase of the pipe length and the 
decrease of the impact velocity, the momentum ratio increases gradually, as presented in Table 5. 
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Table 5 Momentum ratio (Rm) for pipe-in-pipe models and hollow pipe models in FE analyses 

 L (m) 
Vo (m/s) 

2.5 5.0 7.5 10.0 

Pipe-in-pipe 
(219.1×6.3 & 

139.7×5.0) 

2 0.105 0.094 0.095 0.083 

3 0.119 0.111 0.102 0.098 

4 0.154 0.148 0.139 0.131 

6 0.243 0.237 0.225 0.209 

Hollow pipe 
(219.1×10.0) 

2 0.056 0.044 0.035 0.030 

3 0.108 0.095 0.094 0.079 

4 0.122 0.106 0.101 0.095 

6 0.176 0.161 0.147 0.136 

 
 

The higher the momentum ratio implies that the pipe specimen undergoes a larger velocity, which 
facilitates the separation between the pipe and the indenter, i.e., the zero impact force phenomenon. 

Compared to the FE data, the theoretical method underestimates significantly the maximum 
impact force (Pmax) for the sandwich composite pipe in cases L2, L3 and L4, with the length of 3 m, 
4 m and 6 m respectively, as listed in Table 4. The theoretical method assumes the impact indenter 
remains in contact with the pipe throughout the impact process (Wang 2015), forcing a 
misrepresentation of the contact phenomenon in the initial strikes. However, the theoretical 
approach provides accurate predictions on the maximum global displacement (wmax) and the post-
peak mean force (Pm) for these long composite pipes, as shown in Table 4. These maximum global 
displacements and the post-peak mean forces represent the response of the pipe specimen under 
the impact loading in an average sense. Since the total impact energy and the total momentum 
created by the impact remains independent of the separation phenomenon, the theoretical model 
still provides reasonable estimates on these quantities compared to the FE results. 

Fig. 10(c) demonstrates the post-peak mean force (Pm), predicted by both the FE procedure and 
the theoretical model, for pipe-in-pipe composite models (outer pipe 219.1×6.3 and inner pipe 
139.7×5) with four different pipe length, i.e., L = 2 m, 3 m, 4 m and 6 m, subjected to four various 
impact velocities, i.e., Vo = 2.5 m/s, 5 m/s, 7.5 m/s and 10 m/s. The post-peak mean force (Pm) 
decreases with the increase in the pipe length due to the increasing bending flexibility for long 
pipes. The increase in the impact velocity imposes slight influences on the post-peak mean force 
(Pm) especially for relatively higher impact velocities Vo = 5 m/s, 7.5 m/s and 10 m/s (see Fig. 
10(c)). This indicates that the impact with Vo ≥ 5 m/s has sufficient energy to mobilize the full 
impact resistance in the composite pipes. This also reflects that the post-peak mean force (Pm) 
provides a good reference to the real structural strength under the transverse impact regardless of 
the external impact loading conditions. 

The parametric study further investigates the impact response for fifteen pipe-in-pipe 
composite members under four different impact velocities (Vo = 10 m/s, 7.5 m/s, 5.0 m/s and 2.5 
m/s) by the theoretical method. The fifteen sandwich composite pipes have fixed length of 2 m and 
cover three types of relationships between the outer pipe thickness and the inner pipe thickness, 
i.e., to > ti [including the two conditions for tring as defined in Eqs. (15) and (16) respectively], to = 
ti and to < ti, as well as a wide range of the geometric properties (Do / to  [21.9, 43.8], Di / ti  
[11.4, 42.1] and tc  [15.4 mm, 44.4 mm]), as listed in Table 6. Table 6 also presents the equivalent 
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(a) Impact force history (b) Global displacement history 
 

(c) Post-peak mean force 

Fig. 10 Comparison of the impact response for pipe-in-pipe composite models with different length 
 
 

Table 6 Dimensions for pipe-in-pipe composite members in the theoretical parametric study 

 Eq. for tring Do (mm) 
to 

(mm)
Di 

(mm)
ti 

(mm)
tc 

(mm)
tring 

(mm)
tgen 

(mm)
o

gen

D

t
 o

gen

D

t
 o

gen ring

D

t t

to > ti 

Eq. (15) 
219.1 10 168.3 4 15.4 23.2 14.0 15.7 9.4 12.2 

219.1 10 139.7 5 29.7 33.3 15.0 14.6 6.6 9.8 

Eq. (16) 

219.1 6.3 168.3 4 19.1 22.9 10.3 21.3 9.6 14.3 

219.1 5 168.3 4 20.4 21.8 9.0 24.3 10.0 15.6 

219.1 10 139.7 6.3 29.7 35.8 16.3 13.4 6.1 9.1 

219.1 6.3 139.7 5 33.4 30.8 11.3 19.4 7.1 11.7 

219.1 5 139.7 4 34.7 27.6 9.0 24.3 7.9 13.9 

219.1 8 114.3 4 44.4 37.0 12.0 18.3 5.9 10.4 

to = ti Eq. (17) 

219.1 6.3 168.3 6.3 19.1 25.3 12.6 17.4 8.7 12.3 

219.1 6.3 139.7 6.3 33.4 31.6 12.6 17.4 6.9 11.0 

219.1 5 139.7 5 34.7 28.2 10.0 21.9 7.8 13.1 

219.1 10 114.3 10 42.4 45.8 20.0 11.0 4.8 7.2 

to < ti Eq. (18) 

219.1 5 168.3 8 20.4 24.0 13.0 16.9 9.1 12.4 

219.1 5 139.7 6.3 34.7 28.7 11.3 19.4 7.6 12.2 

219.1 8 114.3 10 44.4 41.8 18.0 12.2 5.2 8.0 
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thicknesses tring and tgen, calculated by Eqs. (15) to (18) and Eq. (21) respectively, proposed by the 
two-stage approach (Qian et al. 2015) for the ring model and the generator model in the pipe-in-
pipe composite structures. All the sandwich composite pipes have the same length of L = 2 m as 
well as the same steel and cement composite strength, i.e., σy = 400 MPa and fc = 60 MPa 
respectively. 

Fig. 11 demonstrates the impact response for the fifteen pipe-in-pipe composite members under 
the four different impact velocities. For each composite pipe, the increase in the impact velocity 
indicates the rise of the external impact energy and thus leads to the increment of the impact force 
and the global displacement. Under the same impact velocity, the maximum impact force (Pmax) 
decreases with the increase in the non-dimensional term ringgeno ttD /  (see Fig. 11(a)), implying 
that the structural capability for the composite pipe arises from the combined mechanism in the 
ring model and that in the generator model. The maximum global displacement (wmax) rises with 
the increase of the non-dimensional term Do/tgen (see Fig. 11(b)), indicating that the generator 
model contributes significantly to the global bending resistance of the composite pipe. Some 
composite pipes, i.e., outer pipe 219.1×10 with inner pipe 114.3×10 and outer pipe 219.1×8 with 
inner pipe 114.3×10, do not follow strictly the trend for the global displacement, as circled in Fig. 
11(b). These two composite pipes exhibit larger global displacements than the expected values 
since they tend to dissipate a majority of the external impact energy by the global bending 
deformation and not by the local indentation. This indicates that the local indentation resistance for 

 
 

(a) Maximum impact force (b) Maximum global displacement; 
 

(c) Post-peak mean force 

Fig. 11 Impact response (predicted by the theoretical model) for pipe-in-pipe composite 
members subjected to different impact velocities 
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Table 7 Details for the validation cases in the theoretical parametric study 

Case Do (mm) to (mm) Di (mm) ti (mm) tc (mm) Vo (m/s) 

C-1 219.1 10 114.3 10 42.4 10 

C-2 219.1 5 168.3 4 20.4 2.5 

C-3 219.1 8 114.3 10 44.4 10 

C-4 219.1 6.3 168.3 4 19.1 10 
 
 

Table 8 Comparison between the theoretical prediction and the FE results 

Case 
Pmax (kN) wmax (mm) Pm (kN) 

FE Theory Theory/FE FE Theory Theory/FE FE Theory Theory/FE

C-1 905.7 1024.0 0.88 101.7 108.3 0.94 630.0 606.8 1.04 

C-2 307.3 291.6 1.05 9.4 11.3 0.83 249.0 255.9 0.97 

C-3 821.8 858.5 0.96 117.8 123.5 0.95 545.8 529.0 1.03 

C-4 435.6 460.1 0.95 139.8 141.0 1.00 415.9 415.6 1.00 
 
 

Table 9 Inner pipe effect on the impact response for different pipe structures from FE analyses 

Case Do (mm) to (mm) fc (MPa) Di (mm) ti (mm) Pmax (kN) wmax (mm) Pm (kN) δmax (mm)

CCFPIP-2-1 219.1 6.3 33.4 139.7 5.0 508.2 73.5 402.7 23.9 

CCFPIP 219.1 6.3 33.4 139.7 6.3 537.7 70.6 406.9 21.9 

CCFHP 219.1 6.3 33.4 - - 253.5 97.5 235.3 84.2 

HSP 219.1 6.3 - - - 250.8 288.1 86.7 149.8 

 
 

the two composite pipes is quite high due to their thick-walled outer and inner steel pipes as well 
as the thick cement composite layer (tc > 40 mm), as listed in Table 6. Fig. 11 highlights four 
typical theoretical prediction cases (see Table 7), including the cases which demonstrate the 
highest impact force (C-1), the lowest impact force (C-2), the overly high global displacement (C-
3) and a relatively thin cement composite layer model (C-4). Table 8 and Fig. 12 compare the 
global impact response, predicted by the theoretical model and the FE procedure, for these four 
cases. The reasonable agreement between the theoretical prediction and the FE results confirms the 
accuracy of the theoretical predictions and the impact response observed in the parametric study 
(see Fig. 11) for a wide range of dimensions and under various impact velocities. 

To investigate the effect of inner steel pipe on the impact performance of the pipe-in-pipe 
composite structure, this FE analysis examines the impact response for two pipe-in-pipe composite 
members with different inner pipe thicknesses, one hollow steel pipe as well as a fictitious cement 
composite filled hollow pipe by removing the inner steel pipe from the original pipe-in-pipe 
composite model. Table 9 presents the geometric properties for the four pipe models, in which 
“CCFPIP-2-1” and “CCFPIP” represent two cement composite filled pipe-in-pipe model with 
different inner pipe thicknesses (ti = 5 mm and ti = 6.3 mm), “CCFHP” refers to the cement 
composite filled hollow pipe model and “HSP” denotes the hollow steel pipe model with the same 
outer pipe thickness as the other three pipes. The four simulations utilize the same steel and 
cement composite strength, i.e., σy = 400 MPa and fc = 60 MPa (if applicable), as well as the same 
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(a) Impact force history for C-1 and C-2 (b) Global displacement history for C-1 and C-2 
  

(c) Impact force history for C-3 and C-4 (d) Global displacement history for C-3 and C-4 

Fig. 12 Comparison of the impact response between the theoretical prediction and the FE simulation 
results for composite pipes 

 
 

initial impact velocity (Vo = 7.5 m/s). 
The impact responses for the two pipe-in-pipe composite models are quite close, with slight 

differences in the impact force, the global displacement, the local indentation and the stain values 
at the positions S-1 and S-2, as shown in Fig. 13. The increase in the inner pipe thickness leads to 
marginal increases in the maximum impact force (Pmax) and the post-peak mean force (Pm) and 
slight decreases in the maximum global displacement (wmax) and the maximum local indentation 
(δmax), as listed in Table 9. 

In contrast, the impact response for CCFHP and the two sandwich composite pipes 
demonstrates significant differences, as illustrated in Fig. 13 and Table 9. Compared to CCFPIP-2-
1, the impact force for CCFHP is apparently lower (Fig. 13(a)) while both the global and the local 
deformations (Figs. 13(b) and (c) respectively) for CCFHP are significantly larger due to the 
absence of the inner steel pipe. In the ULCC filled pipe-in-pipe composite structure, the inner steel 
pipe, together with the outer steel pipe, imposes a strong confinement effect to the infilled cement 
composite (the ULCC) and enhances significantly the composite action at large deformation levels. 
This steel-ULCC-steel composite action leads to improved impact resistance, small global and 
local deformations, for CCFPIP-2-1 under the transverse impact. Fig. 13(d) shows that the strains 
at S-1 and S-2 for CCFHP exceed that in CCFPIP-2-1, implying that the cement composite in 
CCFHP fails to provide effective constraint to the outer steel pipe, leading to the large deformation 
of the steel material at the quarter-span position. The hollow steel pipe, without the inner steel pipe 
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(a) Impact force history (b) Global displacement history 
  

(c) Local indentation profile after the impact (d) Strain history (average of S-1 and S-2) 

Fig. 13 Inner pipe effect on the impact response for different kinds of pipe structures 
 
 

and the cement composite layer, demonstrates an extremely inferior impact performance under the 
transverse impact, as presented in Fig. 13 and Table 9. 

 
3.3 Effect of material properties 
 
In the previous study, Wang et al. (2014) employed S355 steel pipes (with a measured yield 

strength around 400 MPa) and ultra-lightweight cement composite (ULCC) (Chia et al. 2011) as 
the filler material for all the pipe-in-pipe composite specimens. The ULCC has a 28-day 
compressive strength over 60 MPa and an average density of 1460 kg/m3 (Wang et al. 2014), 
which is suitable for offshore structures. This section investigates the impact response of the pipe-
in-pipe composite structures consisting of different steel and cement composite strengths, as well 
as different kinds of filler materials. 

Table 10, Figs. 14 and 15 display the impact response for CCFPIP-2-1 consisting of commonly 
used structural steel pipes, with different yield strengths ranging from 250 MPa to 690 MPa. The 
FE procedure employs the experimental stress-strain curves from coupon tests in (Brockenbrough 
and Merritt 2006) and the theoretical model utilizes the corresponding strain-hardening exponents 
for steel pipes with different grades. In Table 10, “σ1”, “σ2”, “σ3” and “σ4” denote the composite 
pipes with the steel yield strength of 690 MPa, 550 MPa, 400 MPa and 250 MPa respectively. The 
four cases employ the same cement composite strength (fc = 60 MPa) and the same initial impact 
velocity (Vo = 7.5 m/s). The impact responses predicted by the FE procedure and the theoretical 
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model demonstrate reasonable agreement, as listed in Table 10. Compared to the FE simulation 
results, the theoretical method overestimates the post-peak mean force (Pm) since the theoretical 
method ignores the cement composite failure during the impact, as discussed in Section 2.2. 

The increase in the yield strength of the steel pipes enhances both the global and the local 
resistance for the pipe-in-pipe composite structure, leading to the significant increase in the impact 
force, including the maximum impact force (Pmax) and the post-peak mean force (Pm) as shown in 
Figs. 14(a) and 15(a), as well as the decrease of the global displacement (see Figs. 14(b) and 
15(b)). Figs. 14(c) and 14(d) compare the maximum local indentation (δmax) and the post-peak 

 
 

Table 10 Impact response for CCFPIP-2-1 with different steel strength 
from FE analyses and theoretical predictions 

Case 
σy 

(MPa) 
fc 

(MPa) 

Pmax 
(kN) 

wmax 
(mm) 

Pm 
(kN) 

δmax

(mm)
FE Theory Theory/FE FE Theory Theory/FE FE Theory Theory/FE FE 

σ1 690 60 734.8 782.0 1.06 48.8 47.7 0.98 632.9 722.5 1.14 18.9

σ2 550 60 611.5 637.1 1.04 58.6 59.5 1.02 521.0 580.5 1.11 20.6

σ3 400 60 508.2 521.7 1.03 73.5 77.2 1.05 402.7 447.8 1.11 23.9

σ4 250 60 426.7 371.6 0.87 118.8 127.2 1.07 253.4 288.5 1.14 34.3
 
 

(a) Impact force history (b) Global displacement history 
  

(c) Maximum local indentation (d) Post-peak mean force 

Fig. 14 Comparison of the impact response (predicted by the FE procedure) for CCFPIP-2-1 
with different steel strength 
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mean force (Pm), respectively, for three groups of pipe-in-pipe composite models with the same 
geometric properties as CCFPIP-2-1 but different strength combinations for the outer pipe and the 
inner pipe. In the first group, the outer pipe and the inner pipe consist of the same steel grade, with 
the yield strength ranging from 250 MPa to 690 MPa. In the second group, the yield strength of the 
outer pipe ranges from 250 MPa to 690 MPa while the inner pipe employs a fixed yield strength of 
400 MPa. In the third group, the yield strength of the inner pipe covers 250 MPa to 690 MPa while 
the yield strength of the outer pipe utilizes a constant value of 400 MPa. All the pipe-in-pipe 
composite models in the three groups employ the same cement composite strength (fc = 60 MPa) 
and experience the same initial impact velocity (Vo = 7.5 m/s). The increase in the outer pipe 
strength or the inner pipe strength both decreases the maximum local indentation (δmax) and 
enhances the post-peak mean force (Pm). However, the increase in the outer pipe strength 
demonstrates a more significant effect on δmax and Pm compared to the increase in the inner pipe 
strength (see Figs. 14(c) and (d)), indicating the dominant role of the outer pipe on the impact 
performance of the pipe-in-pipe composite structures. 

Table 11 and Fig. 16 present the impact response for CCFPIP-2-1 containing the ultra-
lightweight cement composite with the compressive strength ranging from 30 MPa to 90 MPa. In 
Table 11, “f1”, “f2” and “f3” denote the simulation cases with the cement composite compressive 
strength of 90 MPa, 60 MPa and 30 MPa respectively. The three cases utilize the same steel 
strength (σy = 400 MPa) and the same initial impact velocity (Vo = 7.5 m/s). The global impact 

 
 

(a) Impact force history (b) Global displacement history 

Fig. 15 Comparison of the impact response (predicted by the theoretical model) for CCFPIP-2-1 with 
different steel strength 

 
 

Table 11 Impact response for CCFPIP-2-1 with different cement composite strength 
from FE analyses and theoretical predictions 

Case 
σy 

(MPa) 
fc 

(MPa) 
Pmax (kN) wmax (mm) Pm (kN) 

δmax

(mm)

FE Theory Theory/FE FE Theory Theory/FE FE Theory Theory/FE FE

f1 400 90 523.9 523.2 1.00 73.1 76.9 1.05 406.5 448.1 1.10 23.7

f2 400 60 508.2 521.7 1.03 73.5 77.2 1.05 402.7 447.8 1.11 23.9

f3 400 30 479.3 438.0 0.91 74.6 81.1 1.09 378.1 405.9 1.07 28.0

f1 400 90 523.9 523.2 1.00 73.1 76.9 1.05 406.5 448.1 1.10 23.7
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responses predicted by the FE procedure and the theoretical model demonstrate reasonable 
agreement, as listed in Table 11. Compared to the FE results, the theoretical method overestimates 
the maximum global displacement (wmax) as the theoretical method neglects energy losses and 
over-predicts the post-peak mean force (Pm) due to the ignorance of the cement composite failure 
during the impact, as discussed in Section 2.2. 

Fig. 16 presents the effect of compressive strength on the impact response of the pipe-in-pipe 
composite specimens calculated from the FE procedure (Figs. 16(a) and (b)) and from the 
theoretical model (Figs. 16(c) and (d)). Compared to the steel material, the increase in the 
compressive strength of the cement composite, especially from 60 MPa to 90 MPa, presents small 
influences on the impact force response (see Figs. 16(a) and (c)) as well as a slight enhancement 
on the global displacement for the pipe-in-pipe composite structures (see Figs. 16(b) and (d)). This 
indicates the limited contribution from the strength increment of the cement composite to the 
impact response for the pipe-in-pipe composite structure. When the compressive strength of the 
cement composite decreases from 60 MPa to 30 MPa, the global impact response (predicted by the 
theoretical approach) presents some differences (see Figs. 16(c) and (d)). In the theoretical 
approach, the P-δ response for the composite pipe has transited from the first composite stage (Eq. 
(22)) to the second separation stage (Eq. (23)) due to the decrease in the cement composite 
strength (from 60 MPa to 30 MPa) at a small indentation level. This transition indicates the 
decrease of the composite action for the sandwich pipe, leading to the reduction in the impact force 
(for both the maximum impact force Pmax and the post-peak mean force Pm) and the increase in the  

 
 

(a) Impact force history predicted by FE (b) Global displacement history predicted by FE 
  

(c) Impact force history by theoretical model (d) Global displacement history by theoretical model

Fig. 16 Comparison of the impact response for CCFPIP-2-1 with different cement composite strength 
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global displacement. In the FE analyses (shown in Table 11), the maximum local indentation (δmax) 
decreases significantly by about 15% when the cement composite strength improves from 30 MPa 
to 60 MPa while drops marginally (within 1%) when the cement composite strength increases 
from 60 MPa to 90 MPa. The local indentation does not decrease significantly when the cement 
composite strength reaches some level, i.e., 60 MPa in the current FE simulations. 

Besides the strength of the filler material (the ULCC), this study also investigates the effect of 
different kinds of filler materials on the impact response for the pipe-in-pipe composite structures 
by the FE method. Table 12 and Fig. 17 demonstrate the impact response of the pipe-in-pipe 
composite structure filled with the ultra lightweight cement composite (the ULCC), the normal 
weight concrete and one kind of high strength grout (NaXTM Q110) developed by Nautic Group, 
respectively. In Table 12, “ULCC”, “Normal weight concrete” and “ NaXTM Q110” refer to the FE 
simulations for the ULCC-filled, the normal weight concrete filled and the high strength grout 
filled pipe-in-pipe composite structures. The FE simulation employs the same material model (type 
MAT_72R3 in LS-DYNA) but different parameters based on the material tests (e.g., compressive 
strength fc, density ρc and elastic modulus Ec as listed in Table 12) to describe the behavior of the 
three filler materials. The FE analyses utilize the pipe-in-pipe composite model with the same 
geometric properties as CCFPIP-2-1 and the same steel strength (σy = 400 MPa) as well as the 
same initial impact velocity (Vo = 7.5 m/s). 

The impact response between the pipe-in-pipe composite structures filled with the three kinds 
of materials are quite similar, as illustrated in Fig. 17 and Table 12. At the initial phase of the 

 
 

(a) Impact force history (b) Global displacement history 
  

(c) Maximum local indentation (d) Post-peak mean force 

Fig. 17 Comparison of the impact response for CCFPIP-2-1 with different kinds of filler materials 
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Table 12 Impact response for CCFPIP-2-1 with different filler materials from FE analyses 

Case fc (MPa) ρc (kg/m3) Ec (GPa) mp (kg) Pmax (kN) wmax (mm)

ULCC 60 1470 16.9 152.0 508.2 73.5 

Normal weight concrete 60 2400 37.0 186.5 558.2 73.0 

NaXTM Q110 110 2320 37.0 183.6 569.2 72.4 
 

 

impact, the impact force accelerates the composite pipe from the zero velocity to a speed 
approaching that of the drop weight. Under the same impact velocity, the normal weight concrete 
filled pipe-in-pipe model (mp = 186.5 kg) demonstrates a slightly higher peak force (Pmax) than that 
for the ULCC filled pipe-in-pipe model (mp = 152.0 kg) due to its heavier weight from the heavier 
filler material. The high strength grout filled pipe-in-pipe composite model presents the highest 
peak force (Pmax) among the three pipes for its heavy weight (mp = 183.6 kg) and the high strength 
fillers (fc = 110 MPa), as shown in Table 12. However, the increase in the filler material strength 
exhibits limited effect on the peak force (Pmax) for the pipe-in-pipe model filled with NaXTM Q110 
compared to the pipe-in-pipe model filled with normal weight concrete (see Table 12). Figs. 17(c) 
and (d) display the maximum local indentation (δmax) and the post-peak mean force (Pm), 
respectively, for the five pipe-in-pipe composite models filled with ULCC with three different 
compressive strengths, the normal weight concrete and the high strength grout (NaXTM Q110). The 
maximum local indentation (δmax) for the four sandwich composite pipes with fc ≥ 60 MPa are 
quite close but increases apparently when the compressive strength of the filler material decreases 
from 60 MPa to 30 MPa, as illustrated in Fig. 17(c). The pipe-in-pipe composite models filled with 
five different materials demonstrate the similar post-peak mean force (Pm), as shown in Fig. 17(d). 
These again prove the slight influence of the filler material on the impact response of the pipe-in-
pipe composite structures especially when the filler material strength reaches some level, i.e, 60 
MPa in the current parametric study. 
 

 
4. Conclusions 
 

This paper presents a parametric study using both a validated FE procedure and a validated 
theoretical approach on the transverse impact response for the ULCC-filled pipe-in-pipe composite 
structures. The FE procedure predicts not only the global impact response but also the detailed 
local impact response for the pipe-in-pipe composite structures. On the other hand, the theoretical 
approach provides fast and reasonable predictions on the global impact response for the composite 
pipe structures covering a wide scope of geometric properties. The parametric study investigates 
the effect of the impact loading conditions (including the impact velocity and the indenter shape), 
the geometric properties (including the pipe length and the dimensions of the three material layers) 
as well as the material properties (including the material properties of the steel pipe and the filler 
materials) on the impact response for the pipe-in-pipe composite structure. This study supports the 
following observations and conclusions: 

 

(1) The maximum impact force (Pmax) increases with the increase of the impact velocity (Vo), 
the yield strength of the steel pipe (σy) and the mass of the composite pipe (mp). The 
contact area between the impact indenter and the pipe specimen influences the force 
transfer during the initial strike and causes the maximum impact force (Pmax) to increase 
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with the increasing contact area. 
(2) The post-peak mean force (Pm) provides a good reference to the real structural capacity of 

the pipe-in-pipe composite member under external impacts. The post-peak mean force Pm 
relies significantly on the yield strength of the steel pipe (σy) and the flexural stiffness of 
the pipe [corresponding to different pipe lengths (L) in this study]. The increases in the 
yield strength of the steel pipe (σy) and the flexural stiffness of the pipe [i.e., the decrease 
in the pipe length (L)] enhance significantly the post-peak mean force Pm. 

(3) Both the global displacement (wg) and the local indentation (δ) intensify with the increase 
of the initial impact velocity (Vo) and the decrease of the steel pipe strength (σy). The 
global displacement (wg) increases with the increase of the pipe length (L) while the local 
indentation (δ) decreases with the increase of the pipe length (L). In addition, the local 
indentation (δ) escalates with the decrease of the contact area between the indenter and the 
composite pipe. 

(4) The theoretical parametric study covering a wide scope of geometric properties (Do / to  
[21.9, 43.8], Di / ti  [11.4, 42.1] and tc  [15.4 mm, 44.4 mm])for the composite pipes 
under various impact velocities (Vo) presents the general trends between the global impact 
response and the proposed equivalent thicknesses tring and tgen. When the P-δ response for 
the ULCC-filled pipe-in-pipe composite structures remains within the first composite stage, 
the maximum impact force (Pmax) decreases with the increase in the non-dimensional term 

ringgeno ttD /  while the maximum global displacement (wmax) rises with the increase of 
the non-dimensional term Do / tgen. The FE simulations confirm the accuracy of the 
theoretical parametric study and the trends. 

(5) In the pipe-in-pipe composite structure, the inner steel pipe, together with the outer steel 
pipe, imposes a strong confinement to the infilled cement composite (the ULCC) and 
enhances significantly the composite action, leading to improved impact resistance, small 
global and local deformations. The strength and the type of the filler materials demonstrate 
negligible influences on the impact response of the pipe-in-pipe composite structures. 
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