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Effect of CFRP strengthening on response of RC columns to lateral static and 
impact loads 
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A B S T R A C T   

The paper presents results of an experimental study of twenty RC columns, with and without carbon fibre- 
reinforced polymer (CFRP) wrapping, subjected to the combined action of axial and transverse loads. To bet-
ter understand how the rate of the transverse load application affects the behaviour of both unstrengthened and 
strengthened columns, half of the specimens were tested under transverse static loading, while the other half – 
under transverse impact loading. Six different configurations of CFRP layers were used to strengthen the spec-
imens. The test results presented in the paper include the maximum transverse static and impact forces, 
load–deflection curves, time-histories of impact and reaction forces, deflections, strains, crack patterns and 
failure modes. Comparison between the results of the static and impact tests demonstrates that the resistance of 
the specimens to impact loading was significantly higher than that established in the case of static loading. The 
corresponding dynamic increase factor (DIF) had values mainly between 8 and 12. The results also show that 
CFRP strengthening can increase the resistance of RC columns to lateral static and impact loads. However, the 
increase depends strongly on the configuration of CFRP layers.   

1. Introduction 

Reinforced concrete (RC) columns are critical structural elements of 
buildings and bridges and typically designed to resist large axial 
compressive loads, but can be vulnerable to lateral loading caused by 
vehicle/vessel collisions and blasts/explosions, e.g., [1–3]. For example, 
based on the data compiled over 39 years by the New York State 
Department of Transportation (NYSDOT) vehicle and vessel collisions 
are the second leading cause of bridge failures in the State after hy-
draulic loads [4]. According to the National Highway Traffic Safety 
Administration (NHTSA), an estimated 1,000 trucks and buses collide 
annually with bridges in the USA [5]. Thus, it is essential to ensure that 
RC columns, which can be subject to lateral loads over their service life 
(e.g., columns of overpasses, on the ground floors of near-road buildings, 
in multi-story carparks, etc.), are able to withstand such loads without 
suffering failure or major damage that can endanger the safety of the 
entire structure. 

To better understand the behaviour of RC columns under lateral 
impact and blast loads and develop effective design recommendations a 
number of experimental studies have been carried out investigating the 
columns’ response under impact, e.g., [6–15] and blast [16–18]. Results 

obtained from these studies have shown the influence of loading rate on 
the column response and differences between the column failure modes 
caused by impact and blast loads. It has been observed that under blast 
loading RC columns fail either in the flexural mode, when damage is 
distributed over the entire column length and can eventually lead to the 
formation of a tension membrane, or in the shear mode, when localised 
shear failures occur near the top and bottom ends of the column, i.e., 
near its supports [19]. In the case of impact loading, localised damage 
and failure have been observed – either punching failure around the 
point of impact or shear failure near the column support closest to the 
impacted region [3]. Fujikake et al. [20] observed that the type of failure 
depended on the amount of longitudinal tensile reinforcement – under 
transverse impact loading the tested specimens with a relatively low 
reinforcement ratio (1.26%) exhibited an overall flexural failure, while 
the specimens with a relatively high reinforcement ratio (2.46%) 
experienced a local failure near the point of impact. It should be noted 
that in the tests of Fujikake et al. [20] no axial loading was applied to the 
specimens. 

There are cases when RC columns are assessed as not being strong 
enough to resist loads that can act on them during their service life. This 
can be attributed to inadequate design, an increase in magnitude and/or 
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frequency of the applied loads, deterioration of the column strength over 
time, emergence of new threats (e.g., blast loads due to terrorist attacks), 
etc. In such cases the columns need to be appropriately strengthened/ 
retrofitted. The application of externally bonded fibre-reinforced poly-
mer (FRP) sheets (or wraps) is one of the most common techniques for 
strengthening/retrofitting of RC columns. The technique has been 
extensively investigated and applied to improve the resistance of RC 
columns to axial, e.g., [21], eccentric [22], seismic, e.g., [23] and blast, 
e.g., [24] loads. 

More recently, the use of FRP sheets/wraps for strengthening of RC 
columns against lateral impact loads caused by vehicles and vessels has 
also been investigated [25–28]. The studies have clearly demonstrated 
that strengthening of RC columns with externally bonded FRP sheets/ 
wraps leads to an increase in the columns’ resistance to lateral impact 
loads and a reduction in the level of damage sustained. However, the 
scope of the above studies, especially experimental ones, has been rather 
limited. Only one specimen representing a RC column strengthened with 
FRP was tested in each of the two studies [25,26]; in the first one it was 
strengthened with carbon FRP (CFRP) and tested using a pendulum 
impact test, in the second – aramid FRP (AFRP) and a drop weight 
impact test were used. The two other studies [27,28] concentrated on 
more specific issues – the first one on the use of concretes with added 
rubber content, while the second one on precast segmental columns. 

One of the issues, which has not been considered in the previous 
experimental studies, is the influence of an FRP-strengthening system 
configuration (i.e., the number of FRP layers and their orientation) on 
the response of the strengthened RC columns when subjected to lateral 
impact loading, even though it has been shown that such configuration 
has a major effect in the case of blast loading [2]. The present paper aims 
to address this gap in knowledge. An experimental study of RC columns 
(20 specimens in total) with and without CFRP strengthening (14 and 6 
specimens, respectively), which have been subject to combined action of 
axial and transverse loads, is described. To better understand how the 
impact application of a lateral load affects the columns’ behaviour and 
the level of enhancement offered by the externally bonded CFRP sheets 
(in relation to that established under static loading), ten of the available 
specimens have been tested under transverse static loading, while the 
remaining 10 specimens have been subjected to transverse impact 
loading. Results of the static and impact tests are presented, compared 
and discussed. Several different configurations of CFRP layers have been 
used to strengthen the specimens. Thus, the paper provides information 
about the influence of the CFRP layers’ configuration on the response of 
the strengthened columns to lateral loading, in particular impact lateral 
loading. Results of the paper are useful for the design of externally 
bonded FRP systems for strengthening/retrofitting of RC columns, 

especially against lateral impact loading, as well as for the development, 
calibration and validation of numerical/analytical models of RC col-
umns strengthened with such systems. 

2. Experimental program 

2.1. Specimen description 

Twenty RC column specimens with a square cross-section of 150 ×
150 mm and length 2500 mm were cast using ready-mixed concrete (the 
mix constituent proportion was the same for all specimens). The speci-
mens were then wet-cured for 28 days. Each specimen was reinforced in 
the longitudinal direction with four 12-mm diameter deformed bars and 
in the transverse direction with stirrups made of 8-mm diameter bars, 
which were spaced 150 mm apart along the specimen length (Fig. 1). 
The concrete cover of the longitudinal bars was 15 mm. 

To determine the concrete properties several standard 150 × 300 
mm cylinders and 100-mm cubes were cast from the same concrete mix 
and cured at the same conditions as the column specimens. After a 28- 
day curing period, the cylinders and cubes were tested in accordance 
to ASTM C39/M [29]. Based on the test results, the compressive strength 
of the concrete at 28 days was 32.3 MPa for the cylinders and 44.2 MPa 
for the cubes (the values were determined as an average for at least three 
cylinders and three cubes, respectively). To determine properties of the 
reinforcing steel three samples of each type of the reinforcing bars (i.e., 
12-mm and 8-mm in diameter) were tested under tensile loading in 
accordance to ASTM E8/M [30]. Based on the test results, the yield and 
ultimate strengths were: 570 MPa and 710 MPa for the longitudinal (i.e., 
12-mm diameter) reinforcing bars, and 530 MPa and 670 MPa for the 
transverse (i.e., 8-mm) bars, respectively. Properties of dry CFRP sheets 
used for strengthening were provided by their manufacturer, including: 
nominal thickness of 0.125 mm, areal weight 128 g/m2, tensile strength 
3530 MPa, tensile elastic modulus 230 GPa and maximum elongation 
strain 1.5%. 

Fourteen column specimens were strengthened with the CFRP sheets 
over a 1900-mm long middle part (Fig. 2). Six specimens were left non- 
strengthened and will be further referred to as control specimens. Before 
applying the CFRP sheets to the specimens, the concrete surfaces of the 
latter were grinded to achieve a better bond quality between the con-
crete and CFRP and corners were rounded (with radius of 20 mm) to 
avoid stress concentration. The CFRP sheets were bonded manually to 
the specimens using a mixture of epoxy resin and hardener with a mix 
ratio of 10:3. A plastic roller was used to bleed the excess resin mixture 
and remove entrapped air. When a specimen was strengthened with 
more than one CFRP layer, each next layer was laid up immediately after 

Fig. 1. Details of RC column specimens (all dimensions are in mm).  
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the previous one following the same procedure (i.e., bleeding excess 
resin and removing entrapped air). After all required CFRP layers had 
been laid up a sufficient quantity of the resin mixture was applied over 
them to achieve full saturation of the fibres. 

Six configurations with different numbers of CFRP layers and fibre 
direction were used for strengthening the specimens: (i) one layer in the 
longitudinal direction (1L); (ii) one layer in the hoop (i.e., transverse) 
direction (1H); (iii) two layers – one in the hoop direction and the other 
one in the longitudinal direction (2HL); (iv) three layers - two layers in 
the hoop direction and one in the longitudinal direction (3HLH); (v) 
three layers - two layers in the longitudinal direction and one in the hoop 
direction (3LHL); and (vi) four layers - two layers in the hoop direction 
and two in the longitudinal direction (2H2L). 

Two series of tests were conducted in this study – static tests and drop 
weight impact tests. The static series included ten specimens – three 
control specimens and seven strengthened specimens. Additional ten 
specimens were subjected to drop-weight testing. These included three 
control specimens and seven strengthened specimens. Two different 
drop weights were used in these tests: a ‘light’ one (L) with mass of 122 
kg and ‘heavy’ (H) – 215 kg. 

Based on the above information, the notation of the specimens tested 
in this study can now be explained. It consists of the following parts: (i) 
first two letters – the specimen type (‘C’ – control or ‘S’ – strengthened) 
and the test type (‘S’ – static or ‘I’ – impact); (ii) the drop weight type (‘L’ 
– light or ‘H’ – heavy) – only for the specimens tested under impact 
loading; (iii) the strengthening configuration – ‘0′ for control (i.e., non- 
strengthened) specimens, while the notation for the strengthened 
specimens is explained above; and (iv) the specimen number (‘1′ or ‘2′). 
For example, CS-0–1 means a control specimen tested under static 
loading, zero CFRP layers, the first specimen tested with such charac-
teristics; SI-L-2HL-1 – a strengthened specimen tested under impact 
loading with a ‘light’ drop weight, the strengthening configuration 
consists of two CFRP layers – one in the hoop direction and the other one 
in the longitudinal direction, the first specimen with such characteris-
tics. The list of all specimens tested in this study can be found in Table 1 
(static tests) and Table 2 (impact tests). 

Each specimen was instrumented with seven strain gauges to 
monitor strains in concrete and reinforcing steel: two strain gauges were 

placed on the top and side (at the level of the top longitudinal rein-
forcement) concrete surfaces of the specimens at distance of 200 mm 
from the mid-span (denoted as CT200 and CS200, respectively); five 
strain gauges were installed on the reinforcing bars – two on one of the 
bottom longitudinal bars at distances of 75 mm and 225 mm from the 
mid-span (B75 and B225) and three on the legs of the stirrups at dis-
tances 150, 300 and 750 mm (St150, St300 and St 750). In the 
strengthened specimens, two additional strain gauges were installed on 
the top and bottom surfaces of the CFRP sheets at 200 mm from the mid- 
span; they were denoted as FT200 and FB200, respectively. Thus, the 
numbers appearing in the strain gauge labels denote the gauge’s dis-
tance from the specimen’s mid-span (i.e., impact region). Fig. 3 shows 
the location of all strain gauges. 

2.2. Test setup and procedure 

All specimens were tested as simply supported beam/columns ele-
ments under a combination of axial and transverse (either static or 
impact) loads. The specimens were simply supported in the transverse 
direction with a clear span between the centres of the supports of 1800 
mm that left 350-mm overhangs on both sides (see Fig. 1). The over-
hangs were useful for providing better anchorage for longitudinal 
reinforcing bars and more realistic inertia effects in response to impact 
loading e.g., [31,32]. Axial loading was applied by a 300-kN hydraulic 
jack using a specially designed setup, which consisted of two 50-mm 
thick steel plates connected to each other by means of four 36-mm 
diameter Macalloy bars (with a modulus of elasticity of 170 GPa). 
Axial loading was transferred to a specimen via two 20-mm thick steel 
plates placed at both ends of the specimen (Figs. 4 and 5). In all tests, the 
magnitude of the axial load was about 144 kN, which was slightly above 
30% of the design axial resistance of the specimens (this corresponds 
well to the levels of axial load acting on columns under typical service 
conditions). 

2.2.1. Static tests 
The setup for static testing is shown in Fig. 4. A static test started with 

the gradual application of axial loading to a specimen as described 
above. Transverse loading was then applied monotonically up to failure 
via a 600-kN hydraulic jack. The latter was installed between a steel 
beam with a square box section, which was tied to the strong floor by 
steel rods, and the specimen. A static load cell with a capacity of 500 kN 
was placed between the hydraulic jack and the square beam. To reduce 
stress concentrations due to application of the transverse load (i.e., 
distribute this load more evenly over a larger area of the specimen) a 25- 
mm thick 150 × 150 mm steel plate was inserted between the hydraulic 
jack and the specimen. In addition to the instrumentation described in 
Section 2.1, in the static tests two LVDTs were placed symmetrically on 
both sides of a specimen at mid-span. All instrumentation, i.e., the load 
cells, strain gauges and LVDTs, were connected to a 40-channel data 
acquisition system, FE-MA32/40, which recorded the axial and trans-
verse loads, strains in concrete, reinforcing steel and CFRP sheets, as 
well as mid-span deflection. 

Fig. 2. Details of CFRP strengthening (dimensions are in mm): (a) CFRP sheet applied in transverse (H) direction, and (b) CFRP sheet applied in longitudinal 
(L) direction. 

Table 1 
Results of static tests.  

Specimen Axial load 
(kN) 

Maximum transverse 
load, Ps,max (kN) 

Deflection at maximum 
transverse load (mm) 

CS-0-1 144  41.01  17.10 
CS-0-2 145  47.04  16.36 
CS-0-3 144  43.30  16.06 
SS-1H-1 145  40.92  15.29 
SS-1L-1 144  44.79  20.73 
SS-2HL-1 144  51.70  21.06 
SS-2HL-2 145  55.13  19.37 
SS-3HLH- 

1 
145  51.88  21.22 

SS-3LHL- 
1 

144  54.65  31.40 

SS-2H2L- 
1 

146  66.53  27.26  
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Table 2 
Results of impact tests.  

Specimen Drop No. vi (m/s) Pd,max (kN) Rd,max (kN) DIF tP,max (ms) tR,max (ms) ΔtP-R (ms) δmax (mm) δR (mm) 

CI-L-0-1 1st  5.42  499.02  254.22  11.40  0.45  2.60  2.15 21.40a 3.3a 

2nd  5.42  —  —  —  —  —  — 25.62a 6.5a 

3rd  4.95  391.18  207.23  8.94  0.50  5.15  4.65 22.03a 10a 

4th  4.95  285.29  197.59  6.52  0.78  5.40  4.62 35.61a 20.5a 

5th  5.42  297.06  186.75  6.79  0.92  5.67  4.75 41.79a 15a 

CI-L-0-2 1st  5.42  509.80  279.52  11.64  0.37  2.65  2.28 26.61a 6 
2nd  7.00  579.41  309.64  13.23  0.31  2.82  2.51 54.88a 42 

CI-H-0-1 1st  5.42  440.20  395.18  10.05  0.32  2.34  2.02 45.89 34 
SI-H-1H-1 1st  5.42  450.98  334.94  11.02  0.22  2.70  2.48 42.32 32 
SI-H-1L-1 1st  5.42  536.28  301.20  11.97  0.29  3.92  3.63 42.64 32.5 
SI-L-2HL-1 1st  5.42  405.88  245.78  7.60  0.34  2.60  2.26 18.07 2 

2nd  7.00  533.33  293.98  9.98  0.27  4.39  4.12 32.77a 9a 

SI-H-2HL-1 1st  5.42  530.39  272.29  9.93  0.29  4.28  3.99 45.24 32 
SI-H-3HLH-1 1st  5.42  450.98  275.90  8.69  0.29  4.34  4.05 43.51 29.5 
SI-H-3LHL-1 1st  5.42  434.31  263.86  7.95  0.25  4.12  3.87 39.29a 22.3a 

SI-L-2H2L-1 1st  5.42  646.08  287.95  9.71  0.35  2.24  1.89 17.31a 0a 

2nd  5.42  410.78  243.37  6.17  0.77  2.62  1.86 18.17a 0a 

3rd  5.42  423.53  291.57  6.37  0.48  4.50  4.02 18.86a 0a 

4th  5.42  356.86  291.57  5.36  0.74  4.59  3.86 19.17a 0a 

5th  5.42  455.88  261.45  6.85  0.51  4.54  4.03 19.14a 0a 

6th  6.26  557.84  289.16  8.38  0.42  4.48  4.06 23.01a 0a 

7th  6.26  485.29  297.59  7.29  0.58  2.78  2.21 23.08a 0a 

8th  7.00  662.75  353.01  9.96  0.38  2.46  2.08 25.66a 0a 

9th,b  7.00  411.77  313.25  6.19  0.74  2.88  2.14 35.44a 14a  

a Data was taken from the high-speed camera recordings. 
b No axial load was applied in this test. 

150

C.L.

C.L.

150 75

Strain gauge on longitudinal steel
Strain gauge on transverse steel

B75 B225

St150
St300 St750

1250

FB200

FT200
900

Side view
Strain gauge on CFRP sheet

C.L.

C.L. Strain gauge on concrete

CT200

Top view

CS200

1250

150

(a)                                                                    (b)
Fig. 3. Locations of the strain gauges on: (a) side view; (b) top view.  

Steel Plate

Static Loadcell

Hydraulic Jack

Pre-tension bar

Pre-tension bar

Hydraulic Jack
Static Loadcell

Roller supportHinge support

Steel box

LVDT holder

Fig. 4. The setup for static tests.  
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2.2.2. Impact tests 
The setup used for conducting the drop weight impact tests is shown 

in Fig. 5. The drop weight was composed of two parts: a cylindrical steel 
load cell with a smooth spherical bottom striking face with diameter of 
90 mm and a solid steel plate. The steel plate was placed between two 
vertical guide rails made of steel in order to direct the fall of the drop 
weight. The magnitude of impact loading was controlled by changing 
the mass of the drop weight (masses of 122 kg and 215 kg were used) 
and the height from which the weight was released (the maximum 
possible height was 2.5 m). Each specimen was clamped down at the 
location of the supports using steel plates placed at the top and bottom of 
the specimens; the plates were tied together by two steel rods at each 
support. The bottom steel plates were connected to steel I-beams, which 
in their turn were connected to strong floor. This way any vertical 
movements (uplift) of the specimen at the supports were restrained but 
it was allowed to rotate freely. Like in the static tests, an axial load of 
144 kN was initially applied to the specimens. After that, the drop 
weight was lifted to a desired height by a crane and then released. At the 
place where the drop weight collided with a specimen a 25-mm thick 
150 × 150 mm steel plate was placed at the top surface of the specimen. 
Like in the static tests, the transverse load was applied at mid-span of the 
specimens. In principle, in the case of vehicle collisions, the vehicle’s 
contact with a column usually occurs at about one-third of the column’s 
height. However, the aim of the tests in the present study is not to fully 
imitate vehicle collisions, but to investigate the effect of various FRP 
configurations on the response of axially loaded RC members to static 
and impact transverse loading, as well as to generate data for the cali-
bration/validation of numerical models. The latter can then be used to 
simulate the response of FRP-strengthened and non-strengthened RC 
columns to vehicle collisions, with much more accurate representation 
of the boundary conditions at the column ends and of the way the impact 
load created by a vehicle is applied to the column. 

In the impact tests, in addition to the instrumentation described in 
Section 2.1, a dynamic load cell with a maximum capacity of 600 kN was 
placed at the support on the right-hand side of a specimen. Four LVDTs 
were also added - one fitted to the bottom surface of the specimens at 
mid-span and three others to the top surface at distances 380, 580 and 
780 mm from the mid-span. All instrumentation was connected to the 
FE-MA32/40 data acquisition system, which recorded the axial and 
impact load, reaction force at the right-hand support, strains and de-
flections for up to 400 ms after impact. A high-speed camera was also 
employed to record the behaviour of the specimens after they were hit 
by a drop weight. For this purpose, a grid of tracking points (spaced 50 

mm apart from each other in both horizontal and vertical directions) 
was drawn on the camera-facing side of each specimen to the left of its 
mid-span. Images provided by the camera were then processed using 
Tracker software [33] that enabled to obtain time histories of deflections 
at a selected tracking point. 

3. Results of static tests 

Results of the static tests are summarised in Table 1. Fig. 6 shows the 
relationships between the magnitude of the transverse load and the 
deflection at mid-span of the specimens. Crack patterns in the specimens 
after their failure can be seen in Fig. 7. 

Three control specimens (CS-0-i, where i = 1, 2, 3) demonstrated 
classical ductile flexural behaviour. As can be observed in Fig. 6, the 
ascending part of their load–deflection curves quickly becomes 
nonlinear, with its slope decreasing, as the transverse load increases up 
to its maximum value (i.e., peak point). The descending part of the 
curves is quite long, almost linear, with a gentle slope. There are spikes 
in the load–deflection curves, which indicate the formation of flexural 
cracks. The latter initially formed at mid-span of the specimens and then 
spread towards the supports – the crack pattern in CS-0-2 (see Fig. 7) is 
typical for all three control specimens. The average maximum transverse 

Steel weight

Guide Rails
Contact Plate

Hydraulic Jack

Static Load Cell

40 mm Steel Plate

LVDT

380200200
Dynamic Load Cell

LVDTs

Fig. 5. The setup for impact tests.  

Fig. 6. Static tests – transverse load vs. mid-span deflection.  
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load, Ps,max, for the three control specimens is 43.78 kN and the corre-
sponding average deflection – 16.51 mm. 

Strengthening with one CFRP layer in the hoop direction (SS-1H-1) 
did not have any noticeable effect on the specimen’s behaviour 
compared to the control specimens. In fact, the maximum transverse 
load, Ps,max, for this specimen, 40.92 kN, was even 6.5% smaller than the 
corresponding average value for the control specimens. This lack of an 
increase in the specimen’s resistance to the transverse load is expected. 
The CFRP strengthening in the hoop direction provided confinement to 
the concrete and potentially increased its strength in the top part of the 
specimen, which was in compression. However, it did not affect the 
failure behaviour of SS-1H-1 compared to that of the control specimens 
as all these specimens failed due to yielding of the tensile (i.e., bottom) 
longitudinal reinforcement. The slight decrease in the flexural resistance 
of SS-1H-1 compared to the control specimens can be explained by 
variability between the specimens. The crack patterns in SS-1H-1 and 
the control specimens are also similar, although SS-1H-1 had less flex-
ural cracks than the control specimens (see Fig. 7). However, it should 

be noted that more flexural cracks can actually have occurred in SS-1H- 
1, but they are not visible due to the CFRP sheet. 

When a specimen was strengthened with one CFRP layer in the 
longitudinal direction (SS-1L-1) its behaviour noticeably changed 
compared to the control specimens. The carbon fibres in the longitudinal 
direction contributed to the tensile strength of the bottom part of the 
specimen. This led to a slight increase in the maximum transverse load 
sustained by SS-1L-1 compared to the control specimens, 44.79 kN vs. 
43.78 kN (i.e., 2.3%) and a larger deflection at this maximum load, 
20.73 mm vs. 16.51 mm. The latter indicated larger deformations of the 
compressed concrete in the top part of SS-1L-1 at the maximum load 
compared to those exhibited in the case of the control specimens and SS- 
1H-1 (that was also confirmed by the corresponding strain measure-
ments) and, hence, a larger influence of the compressed concrete on the 
specimen’s behaviour. Failure of SS-1L-1 occurred due to rupture of the 
CFRP layer and formation of a single flexural crack at mid-span that was 
associated with a significant drop in the specimen’s resistance; the 
descending part of the load–deflection curve for SS-1L-1 after the drop is 

CS-0-2

SS-1H-1

SS-1L-1

SS-2HL-2

SS-3HLH-1

SS-3LHL-1

SS-2H2L-1

Fig. 7. Static tests – crack patterns in specimens after failure.  

A.O. Swesi et al.                                                                                                                                                                                                                                



Composite Structures 287 (2022) 115356

7

relatively short, while its slope is similar to that for the control speci-
mens (see Fig. 6). 

Two specimens strengthened with two CFRP layers – one in the hoop 
direction and the other one in the longitudinal direction (SS-2HL-1(2)), 
were tested. The average maximum transverse load for these specimens 
is 53.42 kN (22% increase compared to the control specimens) and the 
corresponding average deflection – 20.22 mm. A major increase in the 
flexural resistance of these two specimens compared to SS-1L-1 was due 
to an increase in the strength and stiffness of the compressed concrete in 
the top part of the specimen that was achieved through the confinement 
provided by the CFRP layer in the hoop direction. This demonstrates the 
benefit of combining CFRP layers in the longitudinal and hoop di-
rections for strengthening of RC members to increase their flexural 
resistance. Similar to SS-1L-1, these two specimens failed due to rupture 
of the CFRP layers and formation of a single flexural crack near mid-span 
(Fig. 7 shows the crack pattern in SS-2HL-2). This was followed by a 
significant drop in the specimens’ resistance, while the descending part 
of the load–deflection curves for the specimens after the drop was very 
similar to that established in the case of the control specimens (Fig. 6 
shows the curve only for SS-2HL-1). 

Adding another CFRP layer in the hoop direction (SS-3HLH-1) had 
no positive effect on the flexural resistance. In fact, the maximum 
transverse load sustained by this specimen was even slightly lower than 
that for the SS-2HL specimens – 51.88 kN vs. 53.42 kN (most probably, 
due to variability between the specimens). This means that additional 
confinement of the compressed concrete at the top of the specimen was 
not fully utilised before the rupture of the single CFRP layer at the 
bottom. Adding a CFRP layer in the longitudinal direction (SS-3LHL-1) 
also had a very limited effect on the flexural resistance. The maximum 
transverse load for this specimen was 54.65 kN (24.8% increase 
compared to the control specimens), while the deflection at this 
maximum load – 31.40 mm. In this case, an increase in the tensile 
strength of the bottom part of the specimen due to the additional lon-
gitudinal CFRP layer had a limited influence on the flexural resistance of 
the specimen because of crushing of compressed concrete in the top part 
(i.e., an increase in the stiffness and strength of compressed concrete 
provided by one CFRP layer in the hoop direction was insufficient to 
fully capitalise on added tensile strength provided by two CFRP layers in 
the longitudinal direction). Both specimens (i.e., SS-3HLH-1 and SS- 
3LHL-1) failed in a similar way – rupture of the CFRP layers at the 
bottom and formation of a single vertical crack at mid-span. It can also 
be seen in Fig. 7 that the CFRP sheets of both specimens were ruptured in 
the longitudinal direction near the top tip of the vertical crack; this 
occurred due to damage in the concrete in the compressed zone of the 
specimens that caused tensile stresses in the CFRP sheets in the hoop 
direction. Similar to other strengthened specimens, there was a major 
drop in the specimens’ resistance after the CFRP rupture; the descending 
part of the load–deflection curves for the specimens after the drop was 
similar to that for the control specimens (see Fig. 6). 

Finally, one specimen strengthened with four CFRP layers – two in 
the hoop direction and two in the longitudinal direction (SS-2H2L-1), 
was tested. A major increase in the flexural resistance compared to the 
specimens strengthened with three CFRP layers was observed – the 
maximum transverse load recorded in the test was 66.53 kN (52% in-
crease compared to the control specimens) at the corresponding 
deflection of 27.26 mm. This result demonstrated again that in order to 
fully benefit from an increase in the tensile strength at the bottom of the 
specimens due to CFRP layers in the longitudinal direction, adequate 
confinement of compressed concrete in the top part of the specimens by 
CFRP layers in the hoop direction had to be provided. The failure mode 
of this specimen was similar to that of the other strengthened specimens, 
especially of the specimens strengthened with three CFRP layers. It also 
needs to be explained that shortly after the drop in the specimens’ 
resistance due to rupture of the CFRP sheets the transverse load on the 
specimen was fully removed and then applied again (see Fig. 6). The 
behaviour of the specimen after the CFRP rupture resembled that of the 

control specimens (i.e., the descended part of its load–deflection curve 
was almost linear and parallel to the corresponding parts of the 
load–deflection curves for the control specimens). 

In conclusion of this section, the tests indicate that an efficient 
configuration of a CFRP system for strengthening RC columns against 
static lateral loads should consist of an equal number of CFRP layers in 
the longitudinal and hoop directions. 

4. Results of impact tests and their comparison with those of 
static tests 

It is very difficult to accurately determine prior to a drop-weight test 
the mass and release height of the impactor required to cause complete 
failure of a particular specimen. Thus, while the intention was to achieve 
failure of each specimen after the 1st drop of the impactor, in four cases 
this did not occur. For specimens CI-L-0-1, CI-L-0-2, SI-L-2HL-1 and SI-L- 
2H2L-1, it was necessary to drop the impactor more than once to cause 
their failure. On a positive side, these tests provided information on the 
effect of the damage caused by previous impactor drops on the behav-
iour of the specimens. Fig. 8 shows the variation of the impact force and 
support reactions after the first impactor drop during 50 ms for the 
control and 45 ms for the strengthened specimens (the time countdown 
started at the moment of contact between the impactor and the speci-
mens and finished when values of the impact force and support reactions 
became a very small fraction of their maximum values). It is worth to 
note that the reaction force was only measured at the right-hand support 
of each specimen and then multiplied by a factor of two assuming that 
the reaction forces generated at both supports are approximately equal 
due to the symmetry of the problem considered. 

The time histories of the impact force, Pd, shown in Fig. 8 can be 
roughly divided into four stages. The first stage corresponds to the local 
response of the specimens (i.e., when only a relatively small part of the 
specimens around the contact point at mid-span responds to the impact). 
The stage is very short in time (less than 1.5 ms) and during this stage Pd 
increases very rapidly up to its maximum value, Pd,max, and then drops 
also rapidly to zero (or almost zero). At the second stage, the transition 
from the local response of the specimens to the global one occurs. This 
stage characterises by relatively fast oscillations of Pd with a few peaks 
(smaller than Pd,max), which mainly occurred due vibrations of the 
impactor (the mid-span deflection versus time curves presented further 
in the paper support this conclusion) and continued for up to 10 ms after 
the initial impact. During this stage, the support reactions, Rd, changed 
their initial downward direction due to uplift associated with the local 
response to the upward direction of the global response. According to 
the time histories of the support reactions, which are also shown in 
Fig. 8, this occurred within less than 2.5 ms after the initial impact in the 
control specimens and less than 2 ms in the strengthened specimens. 
After that, the support reactions reached rapidly their maximum value, 
Rd,max, and then oscillated similar to the impact force. The third and 
fourth stages represent the global response of the specimens. During the 
third stage Pd remained more or less constant (typically, up to 25 ÷ 30 
ms after the initial impact) and then decreased to zero at the fourth 
stage. 

Based on the above discussion of the impact force and support re-
actions time histories, a number of key parameters characterising the 
response of the specimens to impact loading can be identified. They 
include: the maximum values of the impact force, Pd,max, and support 
reactions, Rd,max; the corresponding times after the initial impact at 
which these values were attained, tP,max and tR,max, respectively; and the 
time lag between the occurrences of Pd,max and Rd,max, ΔtP-R = tR,max −

tP,max. The test results in terms of these parameters are summarised in 
Table 2. In addition, Table 2 provides the following information. As 
noted previously, the impactor was dropped from different heights – 
1.25, 1.5, 2.0 and 2.5 m. This information is presented in terms of the 
impact velocity, vi, which is related to the impactor’s release height, h, as 
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vi =
̅̅̅̅̅̅̅̅
2gh

√
, where g (=9.81 m/s2) is the gravity acceleration. DIF de-

notes the dynamic increase factor, which is usually defined as the ratio 
of the dynamic strength to the static strength. In Table 2, DIF = Pd,max/ 
Ps,max, where values of Ps,max are taken from Table 1. Note that for the 
control specimens and the specimens with the 2HL CFRP configuration 

Ps,max was taken as 43.78 kN and 53.42 kN, respectively, i.e., as the 
average of the values in Table 1 for the corresponding specimens. The 
other two parameters, which values are shown in Table 2, are the 
maximum, δmax, and residual (i.e., after loading has been removed), δr, 
mid-span deflections, which were measured using LVDTs and the high- 
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Fig. 8. Impact and reaction forces versus time recorded after the 1st impactor drop.  
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speed camera. 
The curves presented in Fig. 9 show the variation of the deflection (at 

mid-span and at a distance 400 mm from it) with time after the 1st 
impactor drop for one of the control specimens (CI-H-0-1) and three 
strengthened specimens (SI-H-1H-1, SI-H-1L-1 and SI-H-2HL-1). First, 
the results in Fig. 9 demonstrate that, in general, there is a good 
agreement between the deflections obtained using the LVDTs and those 
estimated based on the information provided by the high-speed camera. 
Second, it can also be observed that there were no oscillations of the 
specimens with multiple deflection peaks within the first 10 ms after the 
impact. This supports the earlier statement that the multiple peaks of the 
impact force and the support reactions during that time were mainly due 
to movements of the impactor. Comparing the results for the deflections 
with the corresponding time histories of the impact force and support 
reactions (Fig. 8) and the values of tP,max and tR,max (Table 2), it can be 
seen that the maximum deflections of the specimens occurred much 
later than the maximum values of the impact force and support re-
actions. The former occurred between 20 and 30 ms after the initial 
impact, while the latter after less than 0.5 ms and 5 ms, respectively. 
Similar results are also observed for the other specimens, which 
deflection time histories are not shown in Fig. 9. The time gap between 
the occurrence of the maximum forces and maximum deflections reflects 
the fact that initially (during the first few milliseconds after the impact) 
only a relatively small portion of the specimens’ span responded to the 
impact load (i.e., local response). Another evidence of the initial local 

response can be seen in Fig. 10, which shows the deflection profiles of 
the specimens at different points in time after the 1st impactor drop 
(except of SI-L-2H2L-1, for which the results after the 9th impactor drop 
are shown). The profiles clearly demonstrate that immediately after the 
impact (1.5 and 2.5 ms) the deflections mainly occurred in the central 
part of the specimens around the impact zone. 

All specimens, control and strengthened, displayed an overall flex-
ural failure. This is in line with results of Fujikake et al. [20], who 
observed this mode of failure in all their RC beam specimens with a 
relatively low amount of longitudinal tensile reinforcement (the rein-
forcement ratio was 1.26%), when the specimens were subjected to 
lateral impact loading. The specimens tested in the present study had the 
same reinforcement ratio, but in contrast to the specimens tested by 
Fujikake et al. [20], were also subjected to an axial load and a number of 
the specimens were strengthened with CFRP sheets. The flexural failure 
mode is confirmed by the crack patterns and damage observed in the 
specimens. Fig. 11 shows the damage development in the specimens 
during the first 30 ms after the impact; only the specimens that failed 
after the 1st impactor drop are shown. The damage and crack patterns in 
all specimens after their failure are presented in Fig. 12. 

Since all specimens in both static and impact tests exhibited the same 
flexural mode of failure, similar crack patterns, typical for this failure 
mode, are expected in the specimens. This is mainly confirmed by 
comparing the crack patterns shown in Fig. 7 (after the static tests) and 
Fig. 12 (after the impact tests). However, there are also some 
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Fig. 8. (continued). 
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differences. In the control specimens after the static tests, practically 
only cracks that formed were flexural cracks initiated at the bottom face 
of the specimens (vertical near the mid-span and slightly inclined closer 
to the supports – see CS-0-2 in Fig. 7). After the impact tests, firstly, 
flexural cracks formed also at the top face of the specimens at some 
distance from the mid-span; these can be well seen in CI-L-0-1 (Fig. 12), 
which was subjected to several impactor drops so that damage accu-
mulated and visible cracks formed (in the other two control specimens, 
CI-L-0-2 and CI-H-0-1, only hairline hardly visible cracks at the top face 
were observed). This means that the top faces of the specimens were in 
tension at these locations at some point in time after the application of 
the impact load that is another indication of the local response. Sec-
ondly, incline cracks appeared in the specimens at relatively short dis-
tances from the mid-span; such cracks are the best observed in CI-L-0-1, 
in which they are located about 200–250 mm from the mid-span. The 
appearance of this type of cracks so close to the mid-span is another 
evidence of the initial local response. Finally, it can be seen that in the 
case of the control specimens subjected to impact load the central part of 
the specimens with the flexural cracks at the bottom face is much shorter 
than that observed when the identical specimens were subjected to the 
static load; e.g., compare the crack pattern in CI-H-0-1 (Fig. 12) with 
that in CS-0-2 (Fig. 7). 

Regarding the strengthened specimens, practically identical crack 

patterns are observed in SS-1H-1 (Fig. 7) and SI-H-1H-1 (Fig. 12) – a 
couple of vertical flexure cracks near the mid-span; it is worth to note 
that these two specimens were strengthened with only one CFRP layer 
with the fibres in the hoop direction. In all other strengthened specimens 
in both static and impact tests, only a single flexural crack close to the 
mid-span, which coincides with rupture of the CFRP sheet(s), can be 
observed (it should be noted that when the CFRP wrapping was removed 
no other major cracks in the concrete were discovered). However, there 
is a difference in the shape of the crack path (or the CFRP rupture) – after 
the static tests the CFRP wrapping was ruptured in the longitudinal di-
rection near the top tip of the vertical crack (except of SS-1L-1, see 
Fig. 7), that was not observed after the impact tests (see Fig. 12). This 
can be explained by the smaller dilation exhibited by the compressed 
concrete near the top face of the specimens around the mid-span, when 
the impact load was applied. 

The failure of the strengthened specimens in the impact tests always 
preceded by the rupture of the CFRP wrapping. Thus, it is interesting to 
examine when (i.e., at what stage of the specimen’s response to the 
impact load) this rupture occurred. Fig. 13 shows the time, at which 
rupture of the CFRP occurs in the strengthened specimens after being 
subjected to impact, in relation to the time histories of the impact force, 
support reactions and mid-span deflection (the results for SI-H-1H-1 are 
not shown because the CFRP layer was in the hoop direction and had no 
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Fig. 9. Deflection versus time recorded after the 1st impactor drop.  
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strength in the longitudinal direction). As can be seen, the CFRP rupture 
occurred after the maximum impact force and support reactions had 
been attained. The images of the specimens at different points in time 

after being subjected to impact (shown in Fig. 11) are consistent with the 
times of the CFRP rupture indicated in Fig. 13. Since the stress–strain 
relation of the CFRP wrapping is linear, its rupture is controlled by its 
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Fig. 10. Deformation profiles of the specimens at different points in time after the 1st impactor drop (except of SI-L-2H2L-1).  
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deformation, which in its turn can be directly linked to the mid-span 
deflection of the specimens or, more exactly, directly proportional to 
the curvature of the specimen’s deflection profile at mid-span (the latter 
follows from the hypothesis that the plane sections of the specimens 
remained plane after the specimens had deformed, which is fully justi-
fied herein as no de-bonding between the CFRP wrapping and the con-
crete of the specimens was observed). According to the results presented 
in Fig. 13, the magnitude of the deflection at which the rupture occurred 
depends mainly on the number of the CFRP layers in the longitudinal 
direction: 17.5 mm for SI-H-1L-1; 21.4 mm and 22.0 mm for SI-H-2HL-1 
and SI-H-3HLH-1, respectively; and 26.2 mm and 26.4 mm for SI-H- 
3LHL and SI-H-2H2L-1. A noticeable increase in the deflection magni-
tude due to adding CFRP layers in the hoop direction occurred only 
when such a layer was added for the first time, i.e., between SI-H-1L-1 
and SI-H-2HL-1. The result for SI-L-2HL-1 after the 2nd impactor drop 
is neglected in the above because that specimen was noticeably damaged 
after the 1st drop (the remaining deflection was 2 mm – see Table 2); at 
the same time the remaining deflection of SI-L-2H2L-1 before the 9th 
drop was zero. 

It is worth noting that the values of the mid-span deflection exhibited 
by the strengthened specimens when CFRP rapture occurred under 
impact loading are noticeably smaller when compared to their coun-
terpart values established for the identical specimens when subjected to 
static testing (see Fig. 6): for the CFRP configuration 1L – 25.3 mm in the 
static test vs. 17.5 mm in the impact test (the ratio 0.70); for 2HL – 26.6 
mm vs. 21.4 mm (0.80); for 3HLH – 26.4 mm vs. 22 mm (0.83); for 3LHL 
– 33.4 mm vs. 26.2 mm (0.78); and for 2H2L – 27.7 mm vs. 26.4 mm 
(0.95). This occurred due to the initial local response of the specimens to 
the impact load – as a result of that, the curvatures of the specimens’ 
deflection profiles at mid-span were larger than those closer to the 
supports for about the first 10 ms (or even longer) after the initial impact 
(see Fig. 10). Consequently, the deformations at the bottom face of the 
specimens subjected to the impact load reached the value, at which the 
CFRP rupture occurred, at smaller values of the mid-span deflections 
compared to the specimens in the static tests, which exhibited the global 
response over the entire loading process. Moreover, there is a suffi-
ciently clear trend that the difference between the above results of the 
static and impact tests decreases as the number of the CFRP layers used 
for strengthening increases. This occurs because increasing the number 
of the CFRP layers made the specimens stiffer that reduced the effect of 
the local response. 

Fig. 14 shows the time-histories of strains measured by the strain 
gauges - CT200 in concrete and FT200 in CFRP, after the 1st impactor 
drop. The names of the strain gauges indicate that the strains were 
measured at the top face of the specimens at the distance of 200 mm 

from the mid-span. Negative strain values correspond to compression, 
while positive – tension. As can be seen, there is a spike of positive strain 
values immediately after the initial impact, which was recorded in all 
specimens. The spike represents the local response, when only a short 
central part of the specimens responded to the impact load. In the global 
response, the top face of the specimens, which failed after the 1st 
impactor drop, was in compression, as show the strain records in Fig. 14. 
The specimens CI-L-0–1, CI-L-0–2, SI-L-2HL-1 and SI-L-2H2L-1, which 
did not fail after the 1st drop, exhibited impact-induced vibrations that 
led to tension at the top face of the specimens at some moments in time 
(however, the periods of these vibrations were much longer than that on 
the initial spike). As described previously, in addition to CT200 and 
FT200, several other strain gauges were installed on the specimens (see 
Fig. 3). Their measurements were also recorded but are not presented 
here to save space. All recorded strain time-histories were numerically 
differentiated to estimate the strain rates in the concrete, reinforcing 
steel and CFRP sheets. According to the obtained results, the largest 
strain rates did not exceed 5 s− 1 in the concrete and CFRP and 2 s− 1 in 
the reinforcing steel. Moreover, the largest strain rates occurred imme-
diately after the impact within the local response stage; the strain rates 
associated with the global response were mainly below 0.5 s− 1. 

As explained above, the DIF is usually considered to represent the 
ratio between the static and dynamic strengths of a structural element 
or, in other words, the increase in the element’s strength due to dynamic 
application of a load. In the present study, DIF = Pd,max/Ps,max and while 
Ps,max represents the static strength of the specimens accurately, it is 
much more complicated with Pd,max and the dynamic strength. In 
practice, it is extremely difficult, practically impossible, to accurately 
determine the dynamic strength of the specimens experimentally. 
However, some reasonable estimates can be made. First, in the cases 
when a specimen has been subjected to several consecutive impactor 
drops without failure, the largest value of Pd,max obtained in these tests 
can be treated as the lower bound of the dynamic strength. For example, 
for CI-L-0–1 the lower bound of the dynamic strength is 499.02 kN and 
the corresponding DIF = 11.40, while for SI-L-2H2L – 662.75 kN and 
9.96, respectively (see Table 2). Second, in the cases when a specimen 
failed after the 1st impactor drop, the value of Pd,max recorded in the test 
can be considered as the upper bound of the dynamic strength (i.e., 
actual dynamic strength can be lower than that value but cannot exceed 
it). For example, for CI-H-0-1 the actual dynamic strength is under 
440.20 kN and the DIF is not higher than 10.05. Finally, when a spec-
imen has been subjected to more than one impactor drop before its 
failure, the value of Pd,max at the last impactor drop is not necessarily the 
upper bound of the dynamic strength, because the specimen had been 
damaged before the last drop which caused failure. 
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Fig. 10. (continued). 
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It is worth to note that the impact response of the specimens (mainly 
represented in Table 2 by Pd,max) during each consecutive drop-weight 
test depends on a number of factors, some of which are not easy to 
fully control during testing. The factors include the mass and impact 
velocity of the impactor (or their product – the impulse of the impactor), 
the damping of the contact zone, as well as the strength and stiffness of 
the specimens. The damping of the contact zone is affected by local 

damage accumulated in this region after each impact, as well as the 
properties of the interface between the 150 × 150 mm steel plate that is 
hit by the impactor and the top face of the specimen, which may vary 
from test to test. The dynamic characteristics of each specimen (e.g. 
stiffness and strength) depend on the damage sustained at a more global 
level (e.g., rapture of the FRP or cracking suffered by the specimen away 
from the contact zone). An increase in the impulse is expected to lead to 

Time 1-H1-H-IS1-0-H-IC

5 ms

10 ms

20 ms

30 ms

Time 1-LH2-H-IS1-L1-H-IS

5 ms

10 ms

20 ms

Fig. 11. Development of damage in the specimens over time after the impact.  
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an increase in Pd,max, while damage of the contact zone increases its 
damping that should lead to a reduction in Pd,max The test results pre-
sented in Table 2 reflect that. For example, for CL-L-0-1, the value of 
Pd,max decreases as the impulse decreases (when after the 2nd drop the 
impact velocity changes from 5.42 m/s to 4.95 m/s) and then further 
decreases as damage increases, although the impulse remains the same 
(i.e., from the 3rd to 4th drop). At the 5th drop, when failure occurred, 
the value of Pd,max slightly increases again (because the impulse in-
creases compared to the 3rd and 4th drops), but it is still significantly 
smaller than that after the 1st drop due to the damage caused to the 
specimen by the previous drops of the impactor. For CI-L-0–2 and SI-L- 
2HL-1, the value of Pd,max increases at the 2nd drop (when failure 
occurred) due to an increase in the contact velocity (from 5.42 m/s to 7 
m/s) and the corresponding increase in the impulse, but it is limited by 
the dynamic strength of the specimens, as well as affected by damage 
caused by the 1st drop. For SI-L-2H2L-1, the results are slightly less 
consistent in this respects for the 3rd, 4th and 5th drops (that could be 
caused by small differences in the installation of the150 × 150 mm steel 
plate at the top face of the specimen before each drop of the impactor), 
but after that they follow the same pattern explained above. 

Taking into account the above considerations, the value of the DIF 
for the control specimens can be estimated as 11, while for the 
strengthened specimens the values of the DIF vary between 8 and 12. At 
the same time, for the strain rate of 5 s− 1 the values of the DIF for the 

strengths of the materials used in the specimens are significantly lower: 
less than 2 and 4 for the compressive and tensile strength of concrete, 
respectively [34]; less than 1.75 for the yield strength of reinforcing 
steel [35]; and less than 1.5 for the strength of CFRP [36]. This means 
that the much larger values of the DIF obtained in the current tests are 
mainly due to differences in the structural response of the specimens to 
static and impact loadings; in particular, due to the initial local response 
of the specimens to impact loading. 

Regarding the efficiency of the different configurations of CFRP 
layers in terms of improving the resistance of the specimens to lateral 
impact loading, the results are more or less consistent with those of the 
static tests. Applying one CFRP layer in the hoop direction did not in-
crease the resistance; the average dynamic strength of the control 
specimens is around 483 kN vs. 451 kN for SI-H-1H-1. The dynamic 
strength of SI-H-1L-1, SI-L-2HL-1 and SI-H-2HL-1 can be estimated as 
around 530 kN, which is a 10% increase compared to that of the control 
specimens. The results for SI-H-3HLH-1 and SI-H-3LHL-1 do not show 
any increase in the resistance compared to the 2HL specimens (in fact, 
they do not demonstrate any dynamic resistance increase compared to 
the control specimens as well, which can be explained by much higher 
variability of the impact tests compared to the static ones). Finally, the 
dynamic resistance of SI-L-2H2L-1 is at least 662 kN – an increase of 37% 
vs. the control specimens. Thus, the results indicate that in order to in-
crease the resistance of the specimens to lateral impact loading it is 
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5 ms
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Fig. 11. (continued). 
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efficient to apply the same number of CFRP layers in both longitudinal 
and hoop directions (although in the impact tests, in contrast to the 
static tests, applying one CFRP layer only in the longitudinal direction 
led to an increase in the resistance similar to that when one CFRP layer 
was provided in each direction). Using CFRP strengthening resulted in a 
smaller increase in the dynamic strength compared to the static one: for 
the 2HL configuration 10% (impact) vs. 22% (static); for the 2H2L 

configuration – 37% vs. 52%. 

5. Conclusions 

Results of the tests of CFRP-strengthened and non-strengthened RC 
specimens under a combined action of axial and transverse static and 
impact loads have been presented, compared and discussed. According 
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SI-H-1L-1

SI-L-2HL-1

SI-H-2HL-1
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SI-H-3HLH-1
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Fig. 12. Damage and crack patterns in the specimens after failure.  
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to the results, all specimens tested in the study had a global flexural 
mode of failure, with the crack patterns typical for this failure mode. The 
results have demonstrated that the resistance of the specimens to impact 
loading is significantly higher than that to static loading. Values of the 
DIF obtained in the tests mainly varied between 8 and 12. These values 
are significantly higher than the DIF values for the strengths of concrete, 
reinforcing steel and CFRP sheets reported in the literature for the strain 
rate of 5 s− 1, which was the upper bound on the strain rates observed in 

the tests. This means that the main increase in the specimens’ resistance 
to impact loading should be attributed to changes in the structural 
response, rather than an increase in the strength of the individual ma-
terials. In line with this, it has been demonstrated that immediately after 
the application of impact loading all specimens exhibited a strong local 
response, and during this local response stage the maximum values of 
the impact force, which served as a measure of the dynamic strength of 
the specimens, were recorded. 

0 5 10 15 20 25
-100

0

100

200

300

400

500

600
Fo

rc
es

 (k
N

)

Time (ms)

 Impact force
 Reaction force
Defl. at mid-span

SI-H-1L-1

CFRP rupture

-50

0

50

100

150

200

250

300

D
ef

le
ct

io
n 

(m
m

)

0 5 10 15 20 25
-100

0

100

200

300

400

500

600

Fo
rc

es
 (k

N
)

Time (ms)

Impact force
 Reaction force
Defl. at mid-span

CFRP rupture

-50

0

50

100

150

200

250

300

D
ef

le
ct

io
n 

(m
m

)

SI-L-2HL-1 (2nd drop)

0 5 10 15 20 25
-100

0

100

200

300

400

500

600

Fo
rc

es
 (k

N
)

Time (ms)

Impact force
 Reaction force
Defl. at mid-span

CFRP rupture

-50

0

50

100

150

200

250

300

D
ef

le
ct

io
n 

(m
m

)

SI-H-2HL-1

0 5 10 15 20 25
-100

0

100

200

300

400

500

600

Fo
rc

es
 (k

N
)

Time (ms)

Impact force
 Reaction force
Defl. at mid-span

SI-H-3HLH-1

CFRP rupture

-50

0

50

100

150

200

250

300

D
ef

le
ct

io
n 

(m
m

)

0 5 10 15 20 25
-100

0

100

200

300

400

500

600

Fo
rc

es
 (k

N
)

Time (ms)

Impact force
Reaction force
Defl. at mid-span

SI-H-3LHL-1

CFRP rupture

-50

0

50

100

150

200

250

300

D
ef

le
ct

io
n 

(m
m

)

0 5 10 15 20 25
-100

0

100

200

300

400

500

600

Fo
rc

es
 (k

N
)

Time (ms)

Impact force
 Reaction force
 Defl. at mid-span

CFRP rupture

-50

0

50

100

150

200

250

300

D
ef

le
ct

io
n 

(m
m

)

SI-L-2H2L-1 (9th drop)

Fig. 13. Occurrence of CFRP rupture.  
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Wrapping the specimens with CFRP layers led to an increase in the 
specimens’ resistance to both static and impact loading. However, it has 
been observed that this increase depended strongly on the configuration 
of CFRP layers. The maximum increase was achieved for the 2H2L 
configuration (i.e., two CFRP layers in both hoop and longitudinal di-
rection) – 52% in the static tests and 37% in the impact ones. According 
to the results, CFRP strengthening became much more efficient when the 
equal number of CFRP layers was applied in both longitudinal and hoop 
directions. This was very clearly observed in the static tests, while the 
results of the impact tests were slightly less conclusive. 
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