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Abstract 

Recently, various types of steel meshes were used as additional internal reinforcement for improving the confine‑
ment, ductility, and strength of the reinforced concrete (RC) columns. In this experimental study, a welded wire mesh 
(WWM) layer was used as an internal reinforcement in addition to the traditional steel reinforcement (longitudinal 
bars and transverse ties) for short and long RC columns under concentric and eccentric compression. Thirty‑six square 
RC columns with two slenderness ratios λ (height to width ratio) of 9 and 18 were tested under compression with 
eccentricity ratios e/t (eccentricity to section thickness ratio) of 0, 0.13, and 0.26. The reference columns were tradition‑
ally reinforced with longitudinal steel bars and transverse ties with a reference volumetric ratio ρr of 0.44%. The other 
columns comprised a WWM layer wrapped outside the ties whose volumetric ratio ranged from 0.22% to 0.44%. The 
results demonstrated that the columns reinforced with a WWM layer in addition to traditional reinforcement showed 
an improvement in ductility and strength compared to those reinforced with longitudinal bars and transverse ties 
only. A WWM layer increased the ultimate load of the columns comprising ρr ties by approximately 16% and 9% for 
short and long columns, respectively. These improvements were proportional to the ties volumetric ratio.

Keywords: Short RC columns, Long (slender) RC columns, Concentric compression, Eccentric compression, 
Confinement, Steel meshes (WWM), Ties

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

1 Introduction
The failure of RC columns is brittle and may lead to the 
collapse of the structure. In reality, there are no columns 
subjected to a fully concentric compression because 
of the curtailment of column cross section in higher 
floors, and the construction tolerance, or the existence 
of explicit eccentric loads. The columns subjected to 
eccentric compression are susceptible to normal force 
and bending moment. While the eccentricity increases, 
the ultimate load and the axial deflection of the column 
decrease but the lateral deflection increases (Widiarsa 

& Hadi 2013). There are two types of RC columns; short 
and long (slender) columns. Long columns are frequently 
used in unconventional structures. The column is catego-
rized as either short or long according to its slenderness 
ratio (λ) which is the height to width ratio (for square 
and rectangular columns) multiplied by a unit factor for 
simply supported columns (Egyptian code committee for 
concrete structures 2018). For braced RC structures, the 
Egyptian code for the design and construction of con-
crete structures categorizes the square (or rectangular) 
column as short or long (slender) if its λ is smaller than 15 
or ranges from 15 to 30, respectively. Long columns are 
susceptible to overall buckling and additional moments 
due to their high slenderness ratio. An alternative defini-
tion for λ as the ratio between the height and the radius 
of gyration existed in both the Egyptian code and ACI318 
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code (ACI318 committee 2014). Both the alternatives are 
identical. However, the second one (height to the radius 
of gyration ratio) results in mathematically 

√

12 times 
the values of the first definition (height to width ratio; 
used in this paper) in case of square columns, and there-
fore, λ limits for slender columns are different for each 
definition.

The traditional reinforcement of RC columns com-
prises longitudinal steel bars and transverse steel ties. 
The longitudinal reinforcement contributes to the axial 
strength of RC columns, and also improves the flexural 
strength of eccentric RC columns by acting as tensile 
and compressive reinforcements on the two faces (of 
the column) subjected to extreme flexural deformation. 
The transverse reinforcement contributes to the axial 
strength of RC columns by improving the concrete con-
finement which is proportional to the volumetric ratio ρ 
of transverse ties as long as the continuity between the 
concrete core and cover is preserved.

Recently, steel meshes such as welded wire mesh 
(WWM), expanded metal mesh (EMM), hexagonal 
chicken wire mesh, and biaxial geogrid have been used 
as an internal reinforcement in addition to the traditional 
reinforcement to improve the confinement and strength 
of RC columns (Bastami et al. 2022; Daou et al. 2020; El-
Kholy & Dahish 2015; El-Kholy et al. 2018). For existing 
columns, the steel meshes (in a form of ferrocement was) 
externally used as an additional reinforcement (El-Kholy 
et al. 2019a; Ganesan & Anil 1993; Kaish et al. 2018) or 
alternatively, fiber reinforced polymers (FRP) sheets have 
been externally bonded to RC columns (Choi et al. 2021; 
El-Kholy et al. 2022; Hashemi et al. 2022; Siddiqui et al. 
2020). The longitudinal wires of WWM, and the FRP 
sheets aligned in the longitudinal direction act similar 
to the traditional longitudinal steel bars in improving 
the axial and flexural strengths of RC columns. In addi-
tion, the transverse wires of WWM, and the FRP sheets 
aligned in the transverse direction act similar to the tradi-
tional transverse steel ties in improving the confinement 
and the axial strengths of RC columns. The confine-
ment effectiveness in enhancing the column strength is 
reduced with the increase in either the eccentricity (Xing 
et  al. 2020; El Maaddawy 2009) or the slenderness ratio 
(El Maaddawy 2009; Pan et al. 2007). Thus, the confine-
ment effectiveness produced by transverse reinforcement 
is more relevant for short columns especially if they are 
loaded concentrically (minor eccentricity is inevitable). 
Conversely, the flexural strength produced by the cross-
sectional lateral rigidity and the longitudinal reinforce-
ment is more relevant for long and eccentrically loaded 
columns.

For short columns under concentric compression, 
many studies investigated the additional reinforcement of 

internal steel meshes. El-Kholy and Danish (2015) tested 
twelve square RC columns (λ = 7.3 and 14  —  ρ = 0.05–
0.27%) comprising an EMM layer wrapped outside the 
traditional reinforcement. For the columns comprising 
ρ of 0.27%, the EMM layer increased the load capacity 
with average of 14.79%. This improvement in ultimate 
load was reduced with decreasing ρ. Tahir et  al. (2017) 
tested six square columns (λ = 4.9 — ρ = 0.76%) compris-
ing an EMM layer wrapped either inside or outside the 
traditional reinforcement. The EMM layer increased the 
average load capacity with 10.25% and 17.93% for inside 
and outside configurations, respectively, over the refer-
ence columns whose ρ was 1.37%. El-Kholy et al. (2018) 
investigated 26 square columns (λ = 7.3  — ρ = 0–0.33%) 
comprising either WWM or EMM meshes (1 or 2 lay-
ers) wrapped outside the traditional reinforcement, and 
showed that the effectiveness of WWM outperformed 
that of EMM. The WWM layer increased the aver-
age load capacity with 32.33%, and 18.92% in case of 
ρ = 0.17–0.33%, and zero ties, respectively, over the refer-
ence columns whose ρ was 0.33%. El-Kholy et al. (2018) 
recommended optimum reinforcement of one WWM 
layer and ties with ρ = 0.17%, and showed the effective-
ness of the steel meshes for heat-damaged columns too. 
Razvi and Shaikh (2018) investigated six square columns 
(λ = 6.4  —  ρ = 0 and 0.57%) comprising a WWM layer 
and compared the results with the reference columns 
comprising ρ = 0.57%. The WWM layer increased the 
average load capacity with 20.82% and 0.91% in case of 
ρ = 0.57% and zero ties, respectively. Emara et al. (2021) 
presented the full and partial wrapping of EMM (sin-
gle and double layers) as an additional reinforcement 
for twelve engineered cementitious composite circular 
columns (λ = 5  —  ρ = zero and 0.56%), and compared 
their behavior with the reference columns comprising 
ρ = 0.56%. For fibers content of 1.5%, the EMM additional 
reinforcement increased the average load capacity with 
13.25%, 10.92%, and 7.27% in case of full wrapping with 
ρ = 0.56%, full wrapping with zero ties, and partial wrap-
ping with ρ = 0.56%, respectively. Not only internal steel 
meshes, but also external FRP transverse sheets were 
frequently used as additional reinforcement for short 
columns under concentric compression. Raval and Dave 
(2013) added a FRP sheet layer to six columns of circu-
lar, square, and rectangular cross sections (λ = 5.9, 6.7, 
and 9.1, respectively), and comprising average ρ of 0.62%. 
The FRP layer increased the average load capacity with 
159%, 79%, and 76% for circular, square, and rectangu-
lar columns compared with the references. In addition, 
Vesmawala and Kodag (2017) added a FRP sheet layer to 
nine columns of circular, square, and, rectangular cross 
sections (λ = 4.1, 4.7, and 8.8, respectively), and com-
prising average ρ of 0.28%. The FRP layer increased the 
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average load capacity with 73%, 101%, and 106% for cir-
cular, square, and rectangular columns compared with 
the references. Ghanem and Harik (2018) numerically 
investigated the partial wrapping of FRP strips for circu-
lar columns (λ = 3 — ρ = 0.4 and 0.64%), and concluded 
that increasing the number of FRP strips improves the 
ultimate compressive stress. In addition, it was proved 
the effectiveness of full wrapping for improving the ulti-
mate compressive stress over the partial wrapping. Al-
Nimry and Ghanem (2017) investigated adding one and 
two FRP sheet layers for twelve heat-damaged circular 
columns (λ = 4.7  —  ρ = 0.4%), and concluded that two 
layers of carbon FRP could restore and even exceed the 
original strength of the reference unheated columns but 
failed to reinstate their original stiffness. In all the pre-
viously presented studies, the additional reinforcement 
(either steel meshes or FRP transverse sheets) increased 
the plastic deformation and the ductility of RC columns.

For short columns under eccentric compression, only 
Hadi and Zhao (2011) investigated the steel meshes as an 
additional internal reinforcement. Hadi and Zhao (2011) 
tested nine circular high strength concrete columns 
(λ = 4.5 — helix ties) comprising single layer of different 
types of steel meshes (aluminum fly, WWM, and fiber-
glass fly) under eccentric compression (eccentricity ratio 
e/t = zero, 0.12, and 0.24). The eccentricity ratio is the 
ratio of the eccentricity e to the section thickness t. Hadi 
and Zhao (2011) showed that the WWM outperformed 
the aluminum fly, and fiberglass fly meshes in terms of 
the effectiveness in improving the ultimate load capac-
ity. The WWM layer increased the load capacity with 
13.05%, 4.93%, and 31.15% in case of e/t = zero, 0.12, and 
0.24, respectively, compared with the reference columns 
(without any steel meshes). Despite only one study (Hadi 
& Zhao 2011) investigated the steel meshes as an addi-
tional internal reinforcement for short columns under 
eccentric compression, many studies investigated the 
FRP longitudinal and transverse sheets as an additional 
external reinforcement for these columns. Sample three 
studies are briefly presented. Al-Nimry and Al-Rabadi 
(2019) installed a transverse FRP sheet layer or a longitu-
dinal FRP sheet layer coupled with a transverse FRP sheet 
layer for twenty circular columns (λ = 6.3  —  ρ = 0.13–
0.26%  —  e/t = 0.13–0.34), and concluded that the effec-
tiveness of the longitudinal layer wrapped with a hoop 
layer outperformed that of single hoop layer in terms 
of the ultimate load capacity. Quiertant and Clement 
(2011) investigated different types and configurations of 
a combined FRP reinforcement consisting of longitudinal 
sheets or plates (aligned in different orientations) cou-
pled with a transverse FRP sheet layer (continuous or dis-
continuous wrapping) for eight square columns (λ = 12.
5 — ρ = 0.17% — e/t = 0.10), and maximum achievement 

in the ultimate load capacity was 30.31%. Siddiqui et al. 
(2020) installed longitudinal FRP sheets (2, and 4 lay-
ers) and/or a transverse FRP sheet layer for nine square 
columns (λ = 4–8  —  ρ = 0.50%  —  e/t = 0.17), and could 
achieve approximately 150% increment in ultimate load 
capacity in case of 4 FRP layers.

For long columns under either concentric or eccen-
tric compression, no studies investigated using the steel 
meshes as an additional internal reinforcement. Con-
versely, few studies investigated using the FRP longi-
tudinal and transverse sheets as an additional external 
reinforcement of RC long columns. Sample four stud-
ies (two under concentric compression and two under 
eccentric compression) are briefly presented. Pan et  al. 
(2007) tested and simulated six rectangular columns 
(λ = 4.5–17.5  —  ρ = 0.48%) with additional reinforce-
ment of a transverse FRP sheet layer under concentric 
compression, and showed that the effectiveness of the 
external FRP reinforcement decreases with the increase 
of slenderness ratio. El-Kholy et  al. (2022) simulated 58 
square and rectangular columns (λ = 15–35 — ρ = 0.37–
0.49%) with additional reinforcement of 1–4 longitudi-
nal FRP sheet layers (full or partial coverage of column 
height) and/or one transverse FRP sheet layer under 
concentric compression. El-Kholy et  al. (2022) recom-
mended using the longitudinal FRP sheets for λ = 15–22, 
and the partial longitudinal FRP sheets for λ > 22. Gaj-
dosova and Bilcik (2013) tested 6 rectangular columns 
(λ = 27.3  —  ρ = 0.39%) with additional reinforcement of 
near surface mounted (NSM) FRP strips in the longitudi-
nal direction or a transverse FRP sheet layer under eccen-
tric compression (e/t = 0.27). The effectiveness of NSM 
FRP strips outperformed that of transverse sheet layer 
in terms of ultimate load improvement. Moreover, Gaj-
dosova and Bilcik (2013) recommended using NSM FRP 
longitudinal strips for λ > 16 based on numerical para-
metric study. Si Youcef et al. (2015a, b) tested nine square 
columns (λ = 13–23.6 — ρ = 0.11–0.17%) with additional 
reinforcement of FRP sheets (1, 2 layers) installed in the 
transverse, longitudinal and inclined (45°) directions 
(with different combinations) under double eccentric-
ity compression (e/t = 0.30–0.55). Si Youcef et al. (2015a, 
b) showed that the most effective reinforcement pattern 
for slender columns under eccentric compression was 
the longitudinal sheets wrapped with a transverse sheet, 
followed by the longitudinal sheets, then the inclined 
sheets, and finally the transverse sheets.

Based on the introduced literature review, the fol-
lowing three limitations could be concluded. First, no 
studies investigated the long columns with additional 
reinforcement of internal WWM under either concen-
tric or eccentric compression. Second, only one study 
(Hadi & Zhao 2011) investigated the short columns with 
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additional reinforcement of internal WWM under eccen-
tric compression. Third, a few studies investigated the 
short columns with additional reinforcement of internal 
WWM under only concentric compression (El-Kholy & 
Dahish 2015; El-Kholy et al. 2018; Razvi & Shaikh 2018; 
Tahir et al. 2017). These limitations motivated the authors 
to present the current study. In this paper, 36 RC square 
columns (eighteen short columns of λ = 9, and eighteen 
slender columns of λ = 18) comprising a traditional steel 
reinforcement with different ρ (0.44% and 0.22%) and an 
additional reinforcement of one internal WWM layer 
were tested under concentric and eccentric compression 
(e/t = 0, 0.13, and 0.26).

2  Experimental Program
In this study, 36 square RC columns with cross-sectional 
thickness t = 115  mm and two different slenderness 
ratios (λ = 9 and 18) were cast in the concrete research 
and material properties laboratory at Fayoum University. 
The reinforcement of the columns consisted of longitu-
dinal bars, transverse ties (ρ = 0.44% and 0.22%), and an 
internal WWM layer. Table 1 shows the testing scheme. 
The columns specimens were tested under concentric 

and eccentric compression (e/t = 0, 0.13 and 0.26) in 
the structural laboratory at the American University in 
Cairo (AUC). The columns were divided into two groups 
(Fig. 1) according to the slenderness ratio. The first group 
contained eighteen columns of 1035  mm height (λ = 9), 
whereas the second group contained eighteen columns 
of 2070 mm height (λ = 18). Each group was divided into 
three categories (a, b and c) based on the volumetric ratio 
of ties (ρ = 0.44% or 0.22%) and the additional internal 
reinforcement (a WWM layer or nil). Fig. 1 and  2 show 
the details of the specimens for the three categories. 
Category a comprised the reference columns with tradi-
tional steel reinforcement of four longitudinal bars, and 
ties of ρr = 0.44% ratio. Category b columns comprised 
the same traditional steel reinforcement in addition to 
internal reinforcement of a WWM layer. Category c col-
umns comprised the same traditional steel reinforcement 
but ties was reduced to 0.5ρr (ρ = 0.22%) in addition to 
internal reinforcement of a WWM layer. Each category 
comprised six columns (3 identical pairs). The first pair 
was tested under concentric load, whereas the second 
and third pairs were tested under eccentricities of 15 mm 
(e/t = 0.13) and 30 mm (e/t = 0.26), respectively.

Table 1 ID, dimensions and reinforcement of tested column specimens

a The first and second numbers in the ID refer to the total number of ties per column and the eccentricity value (e mm), respectively. S, L, R, and W refer to short, long, 
reference and WWM, respectively
b x Ø y indicates x bars (or ties) of diameter y mm

Group Category Specimen  IDa Repetition Eccentricity 
e (mm)

Dimensions 
t × t × h (mm)

Reinforcement

Vertical 
 barsb grade 
(360/520)

Tiesb 
grade 
(240/350)

Ties 
volumetric 
ratio ρ %

Additional 
internal 
reinforcement

1 a S6R0 2 0 115 × 115 × 1035 4 Ø 10 6 Ø 6 0.44 –

S6R15 2 15

S6R30 2 30

b S6W0 2 0 115 × 115 × 1035 4 Ø 10 6 Ø 6 0.44 a WWM layer

S6W15 2 15

S6W30 2 30

c S3W0 2 0 115 × 115 × 1035 4 Ø 10 3 Ø 6 0.22 a WWM layer

S3W15 2 15

S3W30 2 30

2 a L12R0 2 0 115 × 115 × 2070 4 Ø 10 12 Ø 6 0.44 –

L12R15 2 15

L12R30 2 30

b L12W0 2 0 115 × 115 × 2070 4 Ø 10 12Ø 6 0.44 a WWM layer

L12W15 2 15

L12W30 2 30

c L6W0 2 0 115 × 115 × 2070 4 Ø 10 6 Ø 6 0.22 a WWM layer

L6W15 2 15

L6W30 2 30
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2.1  Material Properties
425 kg of Portland cement (CEMI 42.5 N), 204 kg of fresh 
water, 1183  kg of coarse aggregate (basalt mix of sizes 
10 mm and 20 mm), and 599 kg of natural siliceous fine 
sand were used to cast one cubic meter of concrete. The 
water–cement ratio was 0.48 by weight of cement. The 
aggregates were almost impurity-free and free of organic 
content. The slump of fresh concrete was 65  mm. The 
concrete compressive strength at 7 and 28 days were 29.7 
and 37.7 MPa, respectively, based on the average results 
of standard 150  mm cubes. The longitudinal reinforce-
ment was high-grade steel (360/520) of 10  mm diam-
eter, whereas the transverse ties reinforcement was mild 
steel (grade 240/350) of 6  mm diameter. The properties 
of coarse aggregate, fine aggregate, reinforcement steel 
are listed in Tables 2, 3 and 4 respectively. Two wires of 
the used WWM were tested under uniaxial tension in 
the AUC Mechanical laboratory. Fig.  3 depicts the test-
ing and the average stress–strain curve of tested WWM 
wires. Table 5 shows the WWM properties. More details 
about the specimens, testing procedures, and results of 
the material tests are available in Abd El-Rahman (2022). 
The testing procedures of all materials and the qualities 
of all materials were in accordance with the Egyptian 
Standards (2008, 2009, 2015a, b) and the Egyptian code 
for concrete structures (2018).

2.2  Specimens Preparation
2.2.1  Steel Reinforcement
All columns were longitudinally reinforced with four bars 
of 10  mm diameter. In both categories a and b, six ties 
(6 mm diameter) per longitudinal meter (ρ = ρr = 0.44%) 
were utilized, whereas only three ties per longitudinal 
meter (ρ = 0.22%) were utilized in category c. To elimi-
nate the local failure of the specimen ends during load-
ing, two ties of 8 mm diameter were used at both ends of 
all columns. The WWM sheets were cut into pieces with 
a length of the tie perimeter in addition to an overlap-
ping length of 50 mm. The WWM sheets were too stiff to 
bend by hands. Therefore, they were molded by a bend-
ing machine to be wrapped on the outside perimeter of 
the ties. Figs. 1,  2 and Table 1 present the reinforcement 
details.

2.2.2  Wooden Formwork
Fig.  4 shows the wooden formwork (50  mm thickness) 
prepared to cast the long columns. The base dimen-
sions were 1865 mm × 2170 mm with height of 120 mm. 
The same formwork was used to cast the short columns Fig. 1 Dimensions and reinforcement of the columns
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by adding thick wooden pieces (50  mm thickness) at 
1035  mm from the formwork face. For preserving the 
samples surface, the inner faces of formworks were 
coated with Zetolan SH2 (CMB 2013).

2.2.3  Specimens Casting and Curing
The concrete mix components were mixed for 4 min 
by an electrical mixer, and then the fresh concrete was 
poured into the formworks, as shown in Fig. 5. After 24 h, 
the specimens were covered with burlap, and they were 
cured with tap water, as shown in Fig.  6. After 28 days, 
the specimens were uncovered to completely dry (Fig. 7) 
before testing.

Fig. 2 Reinforcement of the columns

Table 2 Properties of coarse aggregate

For more details on specimens and test procedures, refer to Abd El‑Rahman 
(2022), the Egyptian Standards (2008), and the Egyptian code for concrete 
structures (2018)

Property Value

Maximum aggregate size (mm) 16

Specific gravity 2.8

Absorption 2%

Bulk density (kg/m3) 1490

Crushing strength 27%

Table 3 Properties of fine aggregate

For more details on specimens and test procedures, refer to Abd El‑Rahman 
(2022), the Egyptian Standards (2008), and the Egyptian code for concrete 
structures (2018)

Property Value

Fineness modulus 2.44

Specific gravity 2.53

Absorption 1.6%

Bulk density (kg/m3) 1640

Percentage of clay and other fine materials 1.5%

Percentage of chlorides 0.014

percentage of sulphates 0.213

Table 4 Properties of traditional steel reinforcement

For more details on specimens and test procedures, refer to Abd El‑Rahman 
(2022), the Egyptian Standards (2015a, b), and the Egyptian code for concrete 
structures (2018)

Property Grade (360/520) Grade (240/350)

Ultimate stress (MPa) 563 412

Proof stress (MPa) 367 296

Elongation 12% 22%
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2.2.4  Instrumentation and Testing
The ENERPAC 3000 kN testing machine was used to 
test all the specimens. To apply eccentricity, two rigid 
caps were used at the two ends of each specimen. Each 
cap consists of two parts. Part 1 is an iron anthro-
pomorphic of a cross section of 185  mm × 185  mm 
and a height of 150  mm. Part 2 is an iron plate 
(185  mm × 90  mm × 40  mm) with a skewer of 20  mm 
diameter at the plate center. On each side of part 1, 
there is a plate with a thickness of 10 mm welded to four 

high strength bolts (18  mm diameter) to achieve suffi-
cient confinement for the column ends. Dimensions and 
details of the cap are shown in Fig.  8. The test setup is 
shown in Fig.  9. Two displacement transducers (LVDT) 
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Fig. 3 Testing and stress–strain curve for WWM wires

Table 5 Properties of WWM mesh

The property WWM

Opening dimension (mm) 30 × 30

Wire dimension (mm) 2.5

Weight (kg/m2) 2.58

Proof stress (MPa) 670

Ultimate stress (MPa) 891

Specific gravity 6.5

Fig. 4 Wooden formwork

Fig. 5 Casting of concrete columns

Fig. 6 Curing of concrete columns

Fig. 7 Columns after curing
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were mounted to each specimen to determine the axial 
and lateral displacements. The first LVDT was verti-
cally placed at the bottom face of a steel angle which 
was fixed in the column center at its top end. The sec-
ond LVDT was placed perpendicular to the tension face 
at the mid-point of the column height. The axial strain 
was monitored on the concrete surface at mid-height of 
the compression and tension faces for only three sample 
columns (S6R30, L12R30, and L6W30) that were tested 
under the same 30 mm eccentricity (e/t = 0.26).

3  Experimental Results
The ultimate load values are given in Table  6 for the 
tested columns specimens. Fig. 10 shows the load–axial 
displacement and load–lateral displacement histories for 
the tested column specimens. Fig. 11 illustrates the incre-
ment in ultimate load for the columns of categories b and 
c compared with the corresponding reference columns 
in category a. Figs.  12 and 13  present the axial and lat-
eral displacements, respectively, at the ultimate load for 
all columns. The lateral displacements for the columns 
tested under concentric load in group 1 (S6R0, S6W0, 
and S3W0) were not measured, because it was expected 

that the lateral deformations were close to zero for those 
short columns under concentric load. Fig. 14 presents the 
energy absorption for all tested columns. Fig.  15 illus-
trates the relationship between the vertical load and the 
axial strain on the tension and compression faces of sam-
ple three columns; L12R30, L6W30, and S3W30. Fig. 16 
illustrates the failure patterns of the tested columns.

3.1  Ultimate Load
Fig.  11 demonstrates that all the columns comprising 
an internal reinforcement of a WWM layer (in addi-
tion to steel ties with a volumetric ratio of either ρr or 
0.5ρr) sustained a higher ultimate load than the refer-
ence columns that comprised ties of ρr ratio and no 
WWM layers. In addition, the increment in ultimate 
load was more significant for group 1 (short columns) 
than group 2 (long columns). Fig.  11 reveals that add-
ing one layer of WWM as internal reinforcement to a 
reference transverse ties (ρr = 0.44) increased the aver-
age ultimate load by 15% and 8% for the short and long 
columns, respectively, compared with the correspond-
ing reference columns. Reducing ρr to 0.5ρr decreased 
the previous average increments in ultimate load to 7% 
and 4% for group 1 and group 2, respectively. Thus, the 
average increment in ultimate load for ρr and 0.5ρr col-
umns together was 11% and 6% for group 1 and group 
2, respectively, compared with reference columns. This 
means that doubling λ, approximately reduces half the 
increment in the ultimate load. In addition, reducing ρr 
to 0.5ρr, approximately reduced the ultimate load incre-
ment to the half for the same λ. In other words, the syn-
ergistic effectiveness of ρr ties ensured by a WWM layer 
(category b) was 2.1 times that of 0.5ρr ties ensured by a 
WWM layer (category c).

The eccentricity effect on the improvement in the 
ultimate load (due to adding WWM) is clear in Fig.  11. 
The WWM effectiveness clearly appeared for concentri-
cally loaded columns in both groups, and its contribu-
tion to the increment in ultimate load decreased with the 
increase of the eccentricity ratio. The average increment 
(due to adding a WWM layer) in ultimate load for the col-
umns tested under concentric load was 11%, whereas the 
corresponding increments for the columns tested under 
eccentric load were 10% and 6% for eccentricity ratios 
0.13 and 0.26, respectively. In other words, the average 
increment in ultimate load for the columns tested under 
eccentricity ratio 0.26 was approximately 0.54 times that 
of the columns tested under concentric load.

For the same category (identical ties, identical exist-
ence of WWM or not, and identical slenderness ratio), 
the eccentricity effect on reducing the ultimate load 
value could be estimated using the ultimate load values 
given in Table 6. In each category, the first column could 

Fig. 8 Dimensions and details of the steel cap
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be considered as a reference for the other two columns 
in the same category. Thus, the decrements in ultimate 
load for e/t = 0.13 and e/t = 0.26 were 27% and 50%, 
respectively, based on the average decrements of the six 
categories.

The results of the short concentrically and eccen-
trically loaded column specimens (S6R0, S6W0, and 
S6W15) could be compared with the similar studies 
in the literature review (El-Kholy & Dahish 2015; El-
Kholy et al. 2018; Hadi & Zhao 2011; Tahir et al. 2017). 
These studies and the current study could be sorted in 
ascending order according to the maximum improve-
ment in ultimate load as follows; (1) El-Kholy and 
Dahish (2015) gained 11.02% improvement, (2) Hadi 
and Zhao (2011) gained 13.05% improvement, (3) Tahir 
et  al. (2017) gained 17.93% improvement, (4) the cur-
rent study gained 18.3% improvement, and finally (5) 
El-Kholy et al. (2018) gained 35.43% improvement. The 
smaller improvements gained by the first three studies 
compared with the others were ascribed to using EMM 
(the first and third studies) or weak WWM (the sec-
ond study). The outperformance of Tahir et  al. (2017) 

Fig. 9 Test setup

Table 6 Results of tested column specimens

Group Category Specimen ID Ultimate load

(kN)  + %

1 a S6R0 525.10 –

S6R15 350.03 –

S6R30 266.99 –

b S6W0 620.94 18.25

S6W15 406.68 16.18

S6W30 295.97 10.85

c S3W0 578.82 10.23

S3W15 381.12 8.88

S3W30 275.10 3.04

2 a L12R0 373.52 –

L12R15 298.67 –

L12R30 200.01 –

b L12W0 411.32 10.12

L12W15 326.19 9.21

L12W30 210.80 5.39

c L6W0 397.53 6.43

L6W15 309.89 3.76

L6W30 205.23 2.61
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study over El-Kholy and Dahish (2015) in terms of the 
ultimate load improvement was attributed to its higher 
ρ (0.76%) and the smaller λ (4.9). In addition, both 
the simulated ideal pinned boundary conditions and 
used high strength concrete by Hadi and Zhao (2011) 
reduced the contribution of the utilized weak WWM 
to the ultimate improvement. Using strong WWM 
increased the ultimate load improvement of both the 
current study and El-Kholy et  al. (2018). The simu-
lated ideal pinned boundary conditions for a relatively 
higher λ (9) in the current study minimized the WWM 
improvement to the ultimate load compared with El-
Kholy et al. (2018) study in which fixed boundary con-
ditions was simulated for a smaller λ of 7.3. It is worth 
reminding that there are no previous studies that used 
metal meshes (WWM or other types) for long columns 
under either concentric or eccentric compression, and 
there is only one study (Hadi & Zhao 2011) that used 
WWM for short columns under eccentric compres-
sion. Thus, the results of the current study could not be 
related to more previous studies.

3.2  Deformation
Fig. 10 illustrates the load–deformation histories for cate-
gories a, b, and c with black, red, and cyan colors, respec-
tively. Figs.  10, 11, 12, 13 and 14 reveal that the most 
ductile category (higher deformations and higher energy 
absorption) was b followed by c, and finally the reference 
a for the same eccentricity ratio. It could be argued that 
the outperformance of both categories b and c over cate-
gory a was due to the use of WWM. However, the outper-
formance of category b over c was due to the use of ties 
with higher ρ (ρr = 0.44). Figs. 12, 13 and 14 confirm that 
adding one layer of WWM as an internal reinforcement 
to the transverse steel ties (with ratio of either ρr or 0.5ρr) 
increased both the deformation (either axial or lateral) 
and the energy absorption for all columns. For category 
b (ρr ties), the average increments in axial displacement 
(vb), lateral displacement (lb), and energy absorption (gb) 
were 47%, 101%, and 56% according to Figs. 12, 13 and 14 
respectively. For category c (0.5ρr ties), the average incre-
ments in axial displacement (vc), lateral displacement (lc), 
and energy absorption (gc) were reduced to 33%, 52%, and 
39%, respectively.

Fig. 10 Load–displacement curves for tested columns
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Fig. 11 Percentage increment in ultimate load Fig. 12 Axial displacement at ultimate load

Fig. 13 Lateral displacement at ultimate load Fig. 14 Energy absorption
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Also, it was observed that increasing the λ at the same 
e/t or increasing e/t at the same λ, decreased both the 
axial deformation (Fig.  12) and the energy absorption 
(Fig. 14) but increased the lateral deformation (Fig. 13). 
The decrement in axial displacement was ascribed to the 
reduction in the ultimate load, whereas the increment 
in the lateral displacement was ascribed to the transfor-
mation of the failure mode from compression to flexure. 
Comparing the v, g, and l values of short columns with 
the corresponding values of long longs in Figs. 12, 13 and 
14, respectively, confirmed the effect of λ on reducing the 
axial deformation, reducing the energy absorption, and 
increasing lateral deformation. In other words, the aver-
age axial displacement and the average energy absorption 
of long columns were reduced by 21% and 16%, respec-
tively, compared with those of the corresponding short 
columns. In contrast, the average lateral displacement 
of long columns was increased by 22% compared with 
short columns. For the effect of e/t, the inclined arrows 
direction in Figs. 12, 13 and 14 emphasized the effect of 
increasing e/t on reducing the axial deformation, reduc-
ing the energy absorption, and increasing the lateral 
deformation, respectively. The slope of inclined arrows 
(Figs.  12, 13 and 14) revealed the combined effects of 
increasing both e/t and λ. For example, the reduction 

rate in axial displacement due to the increase in e/t (from 
zero to 0.26) was slightly higher for long columns than 
short columns (Fig.  12). In addition, the increment rate 
in lateral displacement due to the increase in e/t was a 
bit higher for long columns than short columns (Fig. 13). 
However, the decrement rate in energy absorption due to 
the increase in e/t was steep and approximately equal for 
both short and long columns (Fig. 14).This steep reduc-
tion in energy absorption in all categories (average 36% 
and 63% for e/t = 0.13 and 0.26, respectively) was attrib-
uted to the steep reduction rate in the ultimate load with 
increasing eccentricity (Table 6 and “Ultimate load”).

Although the exact definition of ductility is still debat-
able issue in field of engineering (Yaqub et  al. 2013), 
ductility might be explained as the ability of RC column 
to undergo considerable plastic deformation without 
failure (El-Kholy et  al. 2022). The improvement in duc-
tility could be expressed by comparing the deformation 
of the different column specimens (El-Kholy et al. 2022) 
or correlated to the energy absorption of each specimen 
(Emara et  al. 2021; Hadi 2007). Based on the deforma-
tion and energy absorptions values in the current study, 
it was shown in this section that the columns comprising 
ρr ties and a WWM layer (category b) gained the highest 
improvement in ductility. Then, the columns comprising 
0.5ρr ties and a WWM layer (category c) showed a rela-
tively smaller improvement in ductility. In addition, it 
was shown that the ductility was reduced by increasing 
the slenderness ratio and the eccentricity ratio.

3.3  Axial Strain
Fig.  15 shows the load–%axial strain histories at mid-
height of the column on the compression and tension 
faces for three sample columns (S6R30, L12R30, and 
L6W30) tested under 30 mm eccentricity (e/t = 0.26). For 
the compression face, the load–compressive strain rela-
tionship might be idealized as bilinear. In its first inter-
val, the increase rate of compressive strain was higher for 
long columns comprising a WWM layer (L6W30) than 
the reference column (L12R30) because of the additional 
ductility contributed by the WWM layer. The second 
interval started at level A (40% and 55% of the ultimate 
load for the short and long columns, respectively). This 
interval was characterized with a greater increase rate 
in the strain for the three columns indicating significant 
flexural and nonlinear behavior. This greater rate was 
more evident for the long columns (L12R30 and L6W30) 
that exhibited noticeable buckling.

On the tension face of the sample columns, the load–
tensile strain history showed a trilinear relationship. In 
the first interval, the increase rate in tensile strain was too 
small. This could be attributed to the neutralization of the 
compressive strain resulting from the compression load 

Fig. 15 Load–axial strain curves for sample columns at compression 
and tension faces
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with the significant tensile strain resulting from the flex-
ural deformation due to a 30 mm eccentricity. In case of 
smaller eccentricity values, an initial compressive strain 
with a decreasing rate might be monitored on the tension 
face before it turned into a tensile strain (El-Kholy et al. 
2019b). The second interval started from level A to level 

B and  B* for long and short columns, respectively. This 
interval was characterized by a noticeable flexural defor-
mation causing significant tensile strain that overcame 
the compressive strain of the vertical load. The increase 
rate of the tensile strain was higher for the long columns 
and especially L6W30 due to the existence of WWM. The 

C and T indicate compression face and tension face, respectively. 

T

C

T
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T T C CT
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Fig. 16 Failure of tested columns
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third interval started from level B for long columns (91% 
of ultimate load) and level  B* for short columns (84% of 
ultimate load). In this last interval, the tensile strain was 
characterized with successive increments showing a high 
increase rate for long columns and a relatively smaller 
rate for short columns till failure.

3.4  Cracks and Failure
Fig.  16 shows the failure patterns of the investi-
gated columns. The failure in all columns was flexural 
because of the eccentricity of load, the ideal pinned 
boundary conditions, and the high slenderness ratio 
especially for group 2 (λ = 18). For group 1, the flexural 
failure was characterized with a larger crushed area 
(compared with group 2) of the concrete cover on the 
compression face of the specimen. This observation 
was more evident for zero eccentricity specimens. This 
large crushed part of concrete cover could be ascribed 
to the higher axial load (compressive stress) sustained 
by group1 (short columns), and therefore reaching the 
confinement capacity.

The ideal hinged simulated by the steel caps (Fig.  8) 
assured free rotations at both ends. These ideal bound-
ary conditions magnified the overall buckling behavior, 
increased the flexural stresses on the compression and 
tension faces of the columns. For the reference columns 
(comprising traditional reinforcement of longitudi-
nal bars and ρr ties), the failure was sudden, brittle, and 
accompanied by a bang noise. In addition, the first crack 
was observed at approximately 77% of ultimate load, and 
no significant deformation was monitored before fail-
ure. For the columns with an additional internal rein-
forcement of WWM, the structural behavior was more 
ductile, and noticeable deformation (overall buckling) 
could be seen first. Then, tension cracks were initiated at 
approximately 90% of the ultimate load. Finally, compres-
sion cracks were recorded, and failure occurred. The fail-
ure noise was relatively low compared with the reference 
columns. The previous observations were more evident 
for the eccentrically loaded columns than concentrically 
loaded columns.

4  Conclusions
This study was conducted with the aim of investigating 
the effectiveness of using a WWM layer as an additional 
internal reinforcement to the traditional steel reinforce-
ment consisting  of longitudinal bars and transverse ties 
(ρ = 0.44% and 0.22%) for short columns (λ = 9) and long 
columns (λ = 18) under concentric and eccentric com-
pression (e/t = 0.13 and 0.26). The following conclusions 
could be drawn based on the analysis of the experimental 
results.

1. Adding one layer of WWM as an internal reinforce-
ment to the traditional steel reinforcement with ties 
of ρr = 0.44% increased the ultimate load by 15% and 
8% for short and long columns, respectively.

2. Reducing ρr to half the reference value (ρ = 0.22%) 
reduced the ultimate load improvements to approxi-
mately half the percentages introduced in item 1.

3. The improvement in ultimate load for long columns 
was approximately half that of short columns and 
was more significant for concentric load than eccen-
tric load.

4. The highest ductility was shown by the columns 
comprising a WWM layer and ρr ties followed by 
those comprising a WWM layer and 0.5ρr ties com-
pared with reference columns that had no WWM 
layers.

5. The maximum compressive and tensile strains on the 
two faces (that were under extreme flexural deforma-
tion) of the column were higher for the long columns 
compared with short columns.

6. The increase rates of the compressive and tensile 
strains were higher for the columns comprising a 
WWM layer compared with the reference columns.

7. The WWM layer mitigated the failure noise and pro-
vided a warning ample in a form of significant defor-
mation before failure unlike columns with traditional 
reinforcement, where the failure was sudden, brittle, 
and accompanied by a bang noise.

8. The crushed area of concrete cover was larger for 
short columns than long columns because of the 
combined effect of the higher axial stress and the 
flexural stress.
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