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This paper is an attempt at a better understanding of design 
provisions of ACI CODE-440.11-22, building code for the design 
of glass fiber-reinforced polymer (GFRP)-reinforced concrete 
(RC) columns. Sway and a non-sway column examples origi-
nally designed with steel reinforcement were redesigned using 
GFRP longitudinal bars and ties as per provisions of ACI CODE-
440.11-22 to analyze the effect of changing reinforcement type. 
Columns were designed with both low-modulus (Ef = 6500 ksi), 
and high-modulus (Ef = 8700 ksi) GFRP bars. A parametric study 
was carried out by varying the concrete compressive strength, 
the cross-section aspect ratio, and the resultant load eccentricity. 
GFRP-RC columns require larger cross-section dimensions and 
more reinforcement area than steel-RC columns irrespective of 
the GFRP elastic modulus when subjected to the same demand. 
The concrete strength has a significant effect on the dimensions 
of GFRP-RC columns, and rectangular sections were found to be 
more efficient than square sections with the same gross concrete 
area in the presence of moment. GFRP-RC columns subject to high 
eccentricity loads take advantage of GFRP tensile properties and, 
thus, are more efficient.

Keywords: building code; concrete columns; eccentricity; glass fiber-rein-
forced polymer (GFRP) reinforcement.

INTRODUCTION
Fiber-reinforced polymer (FRP) bars, being a competitive 

option for reinforced concrete (RC) members in aggressive 
environments, were not allowed in compression members in 
the previous editions of the ACI 440 Guide.1 The primary 
reason for this exclusion was a lack of information regarding 
the behavior of FRP-RC members subjected to compressive 
loads. However, researchers have been actively investigating 
the behavior of glass FRP (GFRP)-RC columns during the 
last decade and have found GFRP-RC columns to be permis-
sible structural elements. In fact, several experimental 
studies investigated the effect of the compressive behavior 
of longitudinal GFRP bars by testing RC columns2-5 with 
an overall positive assessment of their feasibility. Jawaheri 
Zadeh and Nanni6 provided information on flexural stiff-
ness in frame analysis for GFRP-RC that resulted in close 
correspondence to limits proposed by Bischoff.7 Similarly, 
Hadhood et al.,8 among other researchers,9 proposed a 1% 
minimum reinforcement necessary to maintain section 
integrity to achieve a nominal capacity of columns. Khor-
ramian and Sadeghian10 performed structural tests validating 
the performance of GFRP-RC columns with reinforcement 
ratios as high as 5.3%. Given, these significant advances in 
research over the past decade, the new ACI CODE-440.11-22 
Building Code11 permits the use of GFRP-RC columns with 

limitations to non-seismic zones and structures not requiring 
fire resistance. The addition of provisions for compressive 
members is a critical development for practitioners inter-
ested in nonmetallic reinforcement as it allows designing 
and construction of a building entirely with GFRP-RC.

Though ACI CODE-440.11-22 permits the design of 
columns using GFRP bars, due to their lower reliability, the 
minimum compressive strength properties of GFRP bars 
are not specified in ASTM D7957.12 As stipulated in ACI 
CODE-440.11-22, in pure compression, their presence can 
be treated as having the same stiffness and strength as those 
of the surrounding concrete. However, in the presence of 
moment, GFRP reinforcement may effectively contribute 
to the column capacity. Therefore, this study is carried out 
to show the implications of current Code provisions on the 
design of GFRP-RC compressive members.

RESEARCH SIGNIFICANCE
The recently published ACI CODE-440.11-2211 allows 

the design of columns with GFRP reinforcement. Due to 
remaining knowledge gaps in the behavior of GFRP-RC 
columns, some Code provisions were only analytically 
developed and verified by incorporating differences in material 
properties with steel-RC. This study shows the implications of 
Code provisions and highlights the areas for further research.

METHODOLOGY
In this study, a column part of a sway frame from the ACI 

Reinforced Concrete Design Handbook,13 a Companion to 
ACI 318-19,14 is selected and redesigned using GFRP rein-
forcement. This column is part of an interior, continuous, 
six-bay frame, and built integrally with a 7 in. (178  mm) 
deep slab, as shown in Fig. 1(a). The constituent mate-
rials selected for column design are listed in Table 1. 
The concrete strength fc′ is 5000 psi (35 MPa), while the 
GFRP type is compliant with material specification based 
on ASTM D7957.12 For the non-sway case, a column from 
a frame part of an industrial building was taken from the 
textbook by Wight and Macgregor,15 as shown in Fig. 1(b). 
This is a laterally braced column with a beam on one side, as 
shown in Fig. 1(b). The concrete strength fc′ for this column 
was 4000 psi (28 MPa) (as given in the textbook), while 
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the GFRP has the same properties as for the sway column. 
Given that a new ASTM material specification is under 
development for a class of GFRP bars with higher modulus 
of elasticity and strength, this class of GFRP bars was also 

considered. This study uses No. 8 and 9 (M25 and M29) 
nominal bar sizes for longitudinal reinforcement and No. 4 
(M13) for stirrups/ties in all columns. The mechanical prop-
erties of GFRP bars in tension affecting design are listed in 
Table 1 and include guaranteed ultimate tensile strength ffu, 
corresponding ultimate strain εfu, and modulus of elasticity 
Ef. GFRP compressive properties (that is, strength and stiff-
ness) are not provided because, in design, the area of longi-
tudinal GFRP bars in compression is considered equivalent 
to concrete.

COLUMN PROVISIONS IN ACI CODE-440.11-22
For applicable factored load combinations, design strength 

at all sections shall satisfy the requirements of ACI CODE-
440.11-22, Section 10.5.1.1, given as follows

	 ΦSn ≥ U	 (1)

where Sn is nominal moment, shear, axial, or torsional 
strength; U is strength of a member or cross section required 
to resist factored loads; and Φ is strength reduction factor as 
per ACI 440.11-22 and given in Table 2.

Because GFRP compression reinforcement will not 
contribute to the compression capacity of the cross section, 
the strength of a column subject to pure axial load is calcu-
lated using the gross concrete area and fc′, while treating 
GFRP as if it were concrete, as given in the Code Section 
22.4.2.2

	 Po = 0.85fc′Ag	 (2)

where Po is nominal axial strength at zero eccentricity.

Fig. 1—Geometrical dimensions for: (a) sway column; and 
(b) non-sway column.

Table 1—Properties of GFRP reinforcement and concrete

Designation
Nominal  

diameter, in. Nominal area, in.2
Elastic 

modulus, ksi
Guaranteed tensile 

strength, ksi
Ultimate 
strain, %

Concrete strength, psi

Clear cover, in.Sway column Non-sway column

GFRP-4 0.5 0.2

6500

108 0.016

5000 4000 1.5

GFRP-8 1.0 0.79 84.5 0.013

GFRP-9 1.128 1.0 82 0.013

GFRP-4* 0.5 0.2

8700

139.5 0.016

GFRP-8* 1.0 0.79 120 0.013

GFRP-9* 1.128 1.0 115 0.013

*New-generation GFRP bars with higher modulus of elasticity and guaranteed strength as proposed in an ASTM material spec under development.

Note: GFRP-4 = M13; GFRP-8 = M25; GFRP-9 = M29; 1 in. = 25.4 mm; 1 in.2 = 645 mm2; 1 ksi = 6.89 MPa.

Table 2—Strength reduction factor Φ for moment, 
axial force, or combined moment and axial force 
(ACI CODE-440.11-22, Section 21.2.2)

Net tensile strain at failure 
in outermost layer of GFRP 

reinforcement εf Classification Φ

εf = εfu Tension-controlled 0.55

εfu > εf > 0.8εfu Transition 1.05 to 0.5εf/εfu

εf ≤ 0.8εfu
Compression- 

controlled 0.65
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The design tensile strain and strength of GFRP bar, in this 
study, were used as provided in Code Section 10.3.2.1, given 
as follows

	 If Pu > 0.10fc′Ag

Then, the limit on tensile strain is

	 εf = 0.01

Also,

	 Design strength = ​min​(​ 
​f​ fu​​

​ 0.01​E​ f​​
​)​​

Code Section 10.6.1 specifies a minimum reinforcement 
of 1% of the gross concrete area (Ag) to provide resistance to 
bending and possibly concrete creep. Similarly, maximum 
reinforcement of 8% is specified to avoid congestion of 
reinforcing bars and to ensure that concrete can be properly 
consolidated.

The minimum number of bars is indicated by the Code 
Section 10.7.3, given as

	 Minimum number of longitudinal bars =

	​ ​
⎧

 
⎪

 ⎨ 
⎪

 
⎩

​
4
​ 

Rectangular or circular ties
​   3​  Triangular ties​  

6
​ 

Enclosed by spirals
  ​​​

For longitudinal reinforcement, the minimum clear 
spacing between bars is specified in the Code Section 25.2.3 
as follows

	 Minimum spacing between bars = ​max​
(

​
1.5 in.​(38 mm)​

​ ​ 
1.5​d​ b​​​ 4 / 3​d​ agg​​

​  ​
)

​​

where db is diameter of the longitudinal bar; and dagg is diam-
eter of the aggregate.

Code Section 25.7.2.3 states that every corner or alternate 
bar shall have lateral support by the corner of a tie with an 
included angle of not more than 135 degrees. Also, every bar 
shall have less than 6 in. (152 mm) clear on each side along 
the tie from a laterally supported bar.

The column size may be found from Eq. (2) by introducing 
a strength reduction factor; however, the values obtained in 
this study were significantly lower than those required by 
GFRP-RC columns. The stricter limits on slenderness for 
GFRP-RC columns will usually require bigger size columns. 
Authors, by trial and error, found following relations to give 
good approximation for an initial estimate for the size of a 
square column

	 Sway columns: ​​A​ g​​  =  ​  ​P​ u​​ _________ 0.25 ​fc ′ ​
 ​​

	 Non-sway columns: ​​A​ g​​  =  ​  ​P​ u​​ _________ 0.15 ​fc ′ ​
 ​​

ACI CODE-440.11-22 provides three conditions to deter-
mine if the frame can be considered non-sway—namely, 
Code Sections 6.2.5, 6.6.4.3(a), and 6.6.4.3(b), listed as 
follows:

1. 6.2.5 states that, if the stiffness of bracing elements 
exceeds 12 times the gross lateral stiffness of the columns 
in the direction considered, a column in that story can be 
considered as non-sway.

2. 6.6.4.3 implies analyzing the columns as non-sway if 
condition (a) or (b) is satisfied:

(a) The increase in column end moments due to second-
order effects does not exceed 5% of the first-order end 
moments.

(b) The stability index does not exceed 0.05. The stability 
index for a given story, Q, shall be calculated as shown

	​ Q  =  ​ 
∑ ​P​ u​​ ​δ​ o​​ _ ​V​ us​​ ​l​ c​​

  ​​	 (3)

where ∑Pu is total factored vertical load; Vus is horizontal 
story shear; δo is first-order relative lateral displacement 
between the top and bottom of that story; and lc is height of 
the column from the center to center of the joints.

GFRP-RC columns are more susceptible to the slender-
ness effects than steel-RC due to the lower stiffness of GFRP 
reinforcement compared to steel bars; therefore, more strict 
limits are imposed when checking slenderness effects for 
GFRP-RC columns. Slenderness effects can be neglected in 
both sway and non-sway frames if the following conditions 
of Code Sections 6.2.5.1(a) or 6.2.5.1(b) are satisfied, given 
herein as Eq. (4a), (4b), and (4c)

(a) For columns not braced against sidesway

	​ ​ k ​l​ u​​ _ r  ​  ≤  17​	 (4a)

(b) For columns braced against sidesway

	​ ​ k ​l​ u​​ _ r  ​  ≤  29 + 12 ​ ​M​ 1​​ _ ​M​ 2​​ ​​	 (4b)

	​ ​ k ​l​ u​​ _ r  ​  ≤  35​	 (4c)

where M1/M2 is negative if the column is bent in single 
curvature and positive for double curvature; lu is unsup-
ported length of column; and k is effective length factor for 
compression members. The effective length factor reflects 
column-end restraint conditions, which depend on the rela-
tive stiffness of the columns to the floor members at the top 
and bottom of joints given by

	​ ω  =  ​ 
​​(​ EI _ ​l​ c​​

 ​)​​ 
col,above

​​ + ​​(​ EI _ ​l​ c​​
 ​)​​ 

col,below
​​
   ______________________   

​​(​ EI _ l  ​)​​ 
beam,left

​​ + ​​(​ EI _ l  ​)​​ 
beam,right

​​
 ​​	 (5)

The values obtained by Eq. (5) are used to calculate k, 
using Fig. R6.2.5.1a and Fig. R6.2.5.1b for non-sway and 
sway frames, respectively, shown as Fig. 2, which is then 
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used in Eq. 6.2.5.1a (4a), 6.2.5.1b (4b), and 6.2.5.1c (4c) to 
determine if the slenderness of columns could be neglected.

r is the radius of gyration. Its value can be calculated as 
given in Code Section 6.2.5.2

	​ ​√ 
_

 ​I​ g​​ / ​A​ g​​ ​​

which is (a) 0.30 times the dimension in the direction 
stability being considered for rectangular columns; or (b) 
0.25 times the diameter of circular columns.

The moment of inertia and cross-sectional areas for elastic 
analysis at factored load level may be calculated by Code 
Section 6.6.3.1.1 and is shown in Table 3. It should be noted 
that moment of inertia values in ACI CODE-440.11-22 are 
lower than those provided in ACI 318-19 for steel-RC due to 
lower stiffness of GFRP reinforcement.

Code Section 6.6.4.6.4 requires magnifying the first-order 
moment to consider the second-order effects produced by 
slenderness in sway frames, given as Eq. (6a) and (6b)

	 M1 = M1ns + δsM1s	 (6a)

	 M2 = M2ns + δsM2s	 (6b)

where M1 is the lesser factored end moment on a compres-
sion member; M1ns is the factored end moment on a compres-
sion member at the end at which M1 acts, due to loads that 
cause no appreciable sidesway, calculated using a first-order 
elastic frame analysis; M1s is the factored end moment on 
a compression member at the end at which M1 acts, due 
to loads that cause appreciable sidesway, calculated using 
a first-order elastic frame analysis; and M2 is the greater 
factored end moment (always positive) on a compression 
member. If transverse loading occurs between supports, M2 
is taken as the largest moment occurring on a member; M2ns 
is the factored end moment on a compression member at the 
end at which M2 acts, due to loads that cause no appreciable 

sidesway, calculated using a first-order frame analysis; M2s 
is the factored end moment on a compression member at the 
end at which M2 acts, due to loads that cause appreciable 
sidesway, calculated using a first order elastic frame anal-
ysis; and δs is the moment magnification factor for sway 
frames. Code Section 6.6.4.6.2 provides two ways to calcu-
late its value, given as Eq. (7a) and (7b)

	​ ​δ​ s​​  =  ​  1 _ 1 − Q ​  ≥  1​	 (7a)

	​ ​δ​ s​​  =  ​  1 ___________ 
1 − ​ 

∑ ​P​ u​​ _ 0.75∑ ​P​ c​​ ​
 ​  ≥  1​	 (7b)

The critical buckling load Pc is calculated by Code Section 
6.6.4.4.2, given as

	​ ​P​ c​​  =  ​ 
​π​​ 2​ ​​(EI)​​ eff​​ _ ​​(k ​l​ u​​)​​​ 2​

  ​​	 (8)

where Pc is critical buckling load; klu is effective length (the 

length of a pin-ended column having same buckling load as 
original column); and (EI)eff is effective moment of inertia, 
which can be calculated by Code Section 6.6.4.4.4a and 
6.6.4.4.4b, given herein as Eq. (9a) and (9b)

Fig. 2—Jackson and Moreland alignment charts (as given in ACI CODE-440.11-22).

Table 3—Moment of inertia and cross-sectional 
area for elastic analysis

Member end condition
Moment of 

inertia

Cross-sectional 
area for axial 
deformations

Cross-sectional 
area for shear 
deformations

Columns 0.4Ig

1.0Ag bw x hWalls
Uncracked 0.4Ig

Cracked 0.15Ig

Beams 0.15Ig
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	​ ​​(EI)​​ eff​​  =  ​ 
0.24 ​E​ c​​ ​I​ g​​ _ 1 + ​B​ dns​​ ​​	 (9a)

	​ ​​(EI)​​ eff​​  =  ​ 
0.2​E​ c​​ ​I​ g​​ _ 1 + ​B​ dns​​ ​ + 0.75 ​E​ f​​ ​I​ f​​​	 (9b)

where Bdns is the ratio of maximum factored sustained axial 
load to maximum factored axial load; and If is the moment 
of inertia of the GFRP bars about the centroid of the cross 
section.

Code Section 6.6.4.5 implies amplifying M2 for the effects 
of member curvature in a non-sway frame given as

	 Mc = δM2	 (10)

where Mc is factored moment amplified for the effects 
of member curvature; and δ is magnification factor for 
non-sway frames as given in Code Section 6.6.4.5.2

	​ δ  =  ​  ​C​ m​​ _ 
1 − ​  ​P​ u​​ _ 0.75​P​ c​​ ​

 ​  ≥  1.0​	 (11)

where Cm (factor relating actual moment diagram to an equiv-
alent uniform moment diagram) shall be in accordance with 
6.6.4.5.3a and 6.6.4.5.3b, given herein as Eq. (12a) and (12b):

(a) For columns without transverse loads applied between 
supports

	​ ​C​ m​​  =  0.6 − 0.4 ​ ​M​ 1​​ _ ​M​ 2​​ ​​	 (12a)

(b) For columns with transverse loads applied between 
supports

	 Cm = 1.0	 (12b)

EXAMPLES OF COLUMN DESIGN AND 
DISCUSSION

The required strength for the two columns subjected to 
lateral and gravity loads was checked using the factored 
load combinations in Chapter 5 and analysis procedures in 
Chapter 6 of the ACI CODE-440.11. The calculated values 
of axial load, moment, and shear demands used in this study 
are given in Table 4 as originally available from the sources of 
the steel-RC cases.12,15 It should be noted that for simplicity, a 
single combination of ultimate axial load and moment (that is, 
Pu and Mu) for each of the two columns was adopted, whereas 
in practice, the demand of several combinations of loads and 
moments must be satisfied. Also, the design was carried out 
by keeping the reinforcement amount as close as possible to 
the minimum requirements of the Code (that is, 1%Ag).

Sway column using low- and high-modulus GFRP 
bars

The column was designed using the Code-referenced 
low-modulus (Ef = 6500 ksi [44,815 MPa]) GFRP bars, with 
a concrete strength of 5000 psi (35 MPa). The columns were 
designed as per procedure provided in ACI CODE-440.11-
22, Fig. R6.2.5.3. The column in this design example is 

laterally unbraced; therefore, slenderness effects were 
checked as per ACI CODE-440.11-22, Eq. (6.2.5.1a) (that 
is, klu/r  < 17). The unsupported length of the column, as 
shown in Fig. 1(a), is 15.5 ft (4.72 m) and its cross-section 
dimensions were calculated using relations provided in this 
paper equal to 26 x 26 in. (660 x 660 mm). The effective 
length factor was calculated using alignment charts given 
in Fig. R6.2.5.1 in ACI CODE-440.11-22 (that is, Fig. 2), 
which depend on the relative stiffnesses of columns to the 
floor members at column top and bottom joints. In this 
design example, the column frames into beams at the top 
joint, whereas it frames at bottom in a two-way slab. It was 
assumed that the columns in the stories above and below 
had the same cross-section dimensions. The gross moment 
of inertia of the column was equal to 38,080 in.4 (15.8 × 109 
mm4), and the effective moment of inertia calculated as per 
Table 3 was equal to 15,232 in.4 (6.3 × 109 mm4).

As stated in ACI CODE-440.11-22, Section R6.6.3.1.1, it 
is sufficiently accurate to take the gross moment of inertia of 
a T-beam equal to twice that of its web. Using this approach, 
the moment of inertia of T-beams framing into the column 
at the top joint was calculated equal to 81,000 in.4 (33.7 × 
109 mm4), and the effective moment of inertia as per Table 3 
was equal to 12,150 in.4 (5 × 109 mm4). Similarly, the 
moment of inertia at the lower joint was calculated for the 
slab framing into the column. The width of the slab in the 
transverse direction was considered equal to 14 ft (4.3 m) 
and its thickness equal to 7 in. (178 mm), as given in the ACI 
318-19 Design Handbook.13 Its gross moment of inertia was 
calculated equal to 4802 in.4 (2 × 109 mm4), which reduced to 
720 in.4 (0.3 × 109 mm4) when calculating effective moment 
of inertia as per Table 3.

The relative stiffness at the top and bottom joints was calcu-
lated as per Eq. (5) of this paper (as given in ACI CODE-
440.11-22), which were found equal to 3 for top and 30 for 
bottom joints, respectively. Using relative stiffness factors in 
alignment charts given in Fig. 2, the effective length factor 
was calculated equal to 2.8 and radius of gyration equal to 
7.5 from ACI CODE-440.11-22, Section 6.2.5.2. The values 
of effective length factor, unsupported length of column, 
and radius of gyration were used in Eq.  (6.2.5.1a). It was 
observed that slenderness effects cannot be neglected; hence 
the column should be designed by considering the second-
order effects.

The second step after slenderness is to investigate if 
the column should be analyzed as sway or non-sway. ACI 
CODE-440.11-22, Section 6.6.4.3 states that a column can 
be analyzed as part of a non-sway frame if: (a) column end 
moments due to second-order effects do not exceed 5% 
of the first-order end moments; and (b) the stability index 

Table 4—Factored axial, shear, and moment values

Ultimate loads Sway column Non-sway column

Vu, kip 22 —

Pu, kip 789 134

(Mu)top, kip-ft 145 38

(Mu)bott, kip-ft 197 94.4

Note: 1 kip = 4.44 kN; 1 kip-ft = 1.35 kN-m.
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calculated as per 6.6.4.4.1 does not exceed 0.05. The sum 
of all factored column and wall gravity loads were consid-
ered as given in ACI 318-19 Design Handbook13 equal to 
25,700 kip (114,320 kN) and horizontal story shear equal to 
775 kip (3450 kN). Because the first story of a building is 
often assumed hinged at 0.67lu, the following equation was 
used to calculate deflection at a distance l to the hinge

	​ ​δ​ o​​  =  ​ ​V​ us​​ ​l​​ 3​ _ 3∑ EI ​​	 (13)

The deflection was found equal to 1.16 in. (29 mm), and 
the stability index (calculated as per Eq. (3)) was equal to 
0.176, which is greater than 0.05; hence, the column was 
analyzed and designed as part of a sway frame. For a sway 
frame, the secondary moments at the end of the column 
due to differential movement of the ends of columns were 
calculated as per ACI CODE-440.11-22 Section 6.6.4.6.4 as 
given by Eq. (6a) and (6b) in this paper. The sway magnifi-
cation factor was calculated as per Section 6.6.4.6.2, given 
as Eq. (7a) and (7b) in this paper. ACI CODE-440.11-22 
allows three approaches for calculating moment magnifier, 
including: the Q method, the sum of P method, and second-
order elastic analysis. Because the example is based on hand 
calculations, the sum of P method was used to calculate 
sway magnification factor, as given by Eq. (7b). The critical 
buckling load can be calculated as per Section 6.6.4.4.2 in 
ACI CODE-440.11-22, given by Eq. (8) in this paper. The 
effective stiffness was calculated as per Section 6.6.4.4.4a, 
given by Eq. (9a), where factor Bdns was considered equal to 
zero for short-term lateral loads as allowed in ACI CODE-
440.11-22, Section R6.6.4.6.2. The effective stiffness was 
calculated equal to 36.8 × 106 kip-in.2 (105.6 × 109 kN-mm2) 
and critical load equal to 1340 kip (5960 kN). The sway 
magnification factor calculated as per Eq. (7b) was equal 

to 2.5. The magnified moments calculated as per Section 
6.6.4.6.1 were the lesser moment (M1) equal to 368 kip-ft 
(500 kN-m) and the larger end moment (M2) equal to 493 
kip-ft (670 kN-m).

ACI CODE-440.11-22, Section 10.6.1.1 states that area 
of longitudinal reinforcement shall be at least 0.01Ag. Once 
the concrete cross-section dimensions and reinforcement 
amount are selected, the strength interaction diagram for 
that case is constructed by means of the spreadsheet specif-
ically developed for GFRP-RC. The spreadsheet allows 
placing the reinforcement in the first (d1) and last (dn) layers 
as close to the outer column face as permitted by the Code. 
Bars could also be inserted along the two lateral sides of the 
cross section. The spreadsheet recomputes capacity resulting 
from changes in sectional strain to create a smooth plot of a 
nominal strength interaction diagram (Pn-Mn). The values of 
nominal axial force and moment are multiplied by strength 
reduction factors, and limits on axial strength are applied to 
create the design strength interaction diagram (ϕPn-ϕMn). As 
an example of the output of the spreadsheet, Fig. 3 shows 
the design interaction diagram developed for the 26 x 26 in. 
(660 x 660 mm) cross section of the sway column with rein-
forcement consisting of eight No. 9 (M29) bars for both low- 
and high-modulus GFRP. The horizontal dotted line in the 
interaction diagrams shows the limit on the nominal axial 
compressive strength to account for accidental eccentricities 
as per ACI CODE-440.11-22, Table 22.4.2.1 (that is, 0.8 for 
a column with ties).

The interaction diagram shown in Fig. 3 was constructed 
by locating critical points according to x (that is, the location 
of neutral axis) based on selected Pn-Mn pairs. The two P-M 
curves show nominal strength (that is, points shown with 
plain letters A, B, C, D, and E) and design strength (that is, 
points shown with dashed letters A′, B′, C′, D′, and E′). Specif-
ically, point A in Fig. 3 represents the maximum nominal 

Fig. 3—Interaction diagram for GFRP-RC sway columns.
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compressive force corresponding to zero eccentricity (Mn = 
0 and x = +¥), which is the uppermost point in the interaction 
diagram. Point B′ on the design domain limit represents the 
case of maximum compressive force usable in design. The 
two modes of failure (tension and compression-controlled 
modes) are separated by the “balanced failure” shown by 
point C′, representing FRP rupture (note: the guaranteed 
strength of GFRP bars is replaced by 0.01Ef, as specified in 
the Code) and concrete crushing simultaneously (x = xb). If 
the neutral axis shifts beyond xb, the failure mode shifts from 
compression to tension. The lowermost point in the interac-
tion diagram (E′) corresponds to maximum tensile force (Mn 
= 0 and x = –¥), and maximum strain in the reinforcement. 
Any combination of ultimate axial load and moment (that 
is, Pu-Mu, shown by a black dot) laying within the interac-
tion curve represents safe (and outside, an unsafe) column 
design.

The GFRP-RC column subjected to same ultimate loads 
required larger cross section compared to steel-RC as the 
axial strength of GFRP reinforcement is not considered 
in resistance calculations and is replaced with equal area 
of concrete. Also, the higher magnification factor resulted 
in a very large, magnified moment, as given in Table 5, 
together with the limits on the maximum strength of GFRP 
bars, the GFRP-RC column required bigger cross-sectional 
dimensions than a steel-RC column. For example, a column 
designed with GFRP reinforcement failed with dimensions 
similar to that of the steel-RC (24 x 24 in. [610 x 610 mm]); 
therefore, the column size was increased to 26 x 26 in. (660 x 
660 mm) to augment its load-carrying capacity to exceed 
the demand. The minimum reinforcement depends on the 
gross area of the cross section (Afmin = 0.01Ag); therefore, 
a GFRP-RC column required more reinforcement area than 
steel-RC. For example, a column designed with GFRP-RC 
required eight No. 9 (M29) bars, whereas that with steel-RC 
required eight No. 8 (M25) bars. The values of effective 
length factor, moment magnification factor, cross-sectional 
area, and longitudinal reinforcement for a column in sway 
frame are provided in Table 5, which includes values for 
steel-RC taken from ACI 318-19 Design Handbook.13

This study also investigated the effect of high-modulus 
(Ef = 8700 ksi [60,000 MPa]) GFRP reinforcement on column 
design. The compressive strength of GFRP reinforcement is 
not considered in resistance calculations when the GFRP 
is in compression (that is, the area of GFRP replaced with 
concrete); hence, the column dimensions remained same as 
with low-modulus GFRP bars (26 x 26 in. [660 x 660 mm]). 
Further, due to a limit on maximum GFRP tensile strain (that 
is, 0.01) by Code Section 10.3.2.1, only a slight increase in 

the capacity (9%) for the column subjected to same demand 
(that is, as a low-modulus GFRP-RC column given in 
Table 5) was noticed. The column cross section, reinforce-
ment details, and interaction diagrams developed for both 
low- and high-modulus GFRP-RC columns are shown in 
Fig. 3.

Non-sway column using low- and high-modulus 
GFRP bars

The column example taken from the textbook by Wight 
and Macgregor15 was redesigned with GFRP reinforcement, 
considering it as part of a non-sway frame as the stability 
index (Q = 0.04) and magnified moment were within the 
limits stated in Section 6.6.4.3 for a non-sway frame. The 
magnification factor calculated by analysis was 0.7; hence, 
a minimum magnification factor of 1.0 was used to calcu-
late the magnified moment. The P-M diagram developed for 
non-sway columns showing the nominal and design capacity 
curves is shown in Fig. 4. The (Pn, Mn) curve shows the 
capacity before and (ΦPn, ΦMn) after the application of the 
strength reduction factors. The column failed with dimen-
sions of the steel-RC section (14 x 14 in. [356 x 356 mm]) 
and reinforcement consisting of four No. 8 (M25) bars, as 
shown in Fig. 4(a), where the demand (Pu-Mu) shown by the 
black dot lies outside the design capacity curve. Therefore, 
the cross-section dimensions were increased to 18 x 18 in. 
(460 x 460 mm) and reinforcement consisting of four No. 9 
(M29) bars to satisfy the demand. As shown in Fig. 4(b), 
the demand is within the design capacity curve, representing 
a safe column. It was observed that GFRP-RC columns 
require bigger cross sections and reinforcement areas than 
steel-RC. The effective length factor, moment magnification 
factor, cross-sectional dimensions, and required reinforce-
ment are shown in Table 6.

Similar to the case of sway frames, an effort was made 
to investigate the impact of using high-modulus bars 
on non-sway column design. The high-modulus bars 
showed a 12% increase in the column capacity compared to 
low-modulus GFRP-RC column subjected to same demand 
(that is, the low-modulus GFRP-RC column given in Table 6). 
The column cross section, reinforcement details, and interac-
tion diagrams developed for non-sway column are shown in 
Fig. 4.

PARAMETRIC STUDY
A parametric study was carried out by varying concrete 

compressive strength fc′, aspect ratio, and applied load eccen-
tricity to evaluate implications on the design of GFRP-RC 
column cross sections. For comparison, steel-RC sections 

Table 5—Steel-RC and GFRP-RC sway column analysis and design

Ultimate loads

Column analysis Column design

Effective 
length factor

Moment magni-
fication factor Steel-RC column GFRP-RC column

Applied 
load, kip

Moment, 
kip-ft Steel GFRP Steel GFRP

Magnified 
moment, kip-ft

Size, 
in.

Reinforcement 
area, in.2 (ratio, %)

Magnified 
moment, kip-ft

Size, 
in.

Reinforcement 
area, in.2 (ratio, %)

789 197 2.2 2.8 1.12 2.5 221 24 x 24 8 No. 8 (1.0) 493 26 x 26 8 No. 9 (1.1)

Note: 1 kip = 4.44 kN; 1 kip-ft = 1.35 kN-m; 1 in.2 = 645 mm2.
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were also designed by changing the parameters stated 
previously. The yielding strength of steel used was 60 ksi 
(414 MPa) and modulus of elasticity 29,000 ksi (200 GPa), 
whereas the GFRP reinforcement used was compliant with 
ASTM D7957 as referenced by ACI CODE-440.11-22. 
To compare results with steel-RC, both sections (steel-RC 
and GFRP-RC) were subjected to same demand (that is, 
no magnification factors were applied). Therefore, a cross 
section of 20 x 20 in. (508 x 508 mm) was used and varied 
as required. The reinforcement ratio was kept as close to 
minimum required 1% as possible throughout the parametric 
study.

Design with different fc′ values
Four different values of concrete strength (fc′ = 2500, 

5000, 7500, and 10,000 psi [18, 35, 52, 70 MPa]) were used. 
The cross sections (steel-RC and GFRP-RC) were subjected 
to ultimate axial compressive load of 789 kip (3510 kN) and 
ultimate moment of 2367 kip-in. (267 kN-m) (no magnifi-
cation factors applied). The reinforcement area was kept as 
close to 1% of gross concrete area as possible. As expected, 
RC cross-section dimensions significantly decreased 
with increasing concrete strength. For example, as shown 
in Table 7, at concrete strength of 5000 psi (3   MPa), the 
required GFRP cross section to satisfy the demand (Pu  = 
789 kip [3510 kN] and Mu = 2367 kip-in. [267 kN-m]) is 

22 x 22 in. (560 x 560 mm), which decreased to 18 x 18 in. 
(460 x 460 mm) and 16 x 16 in. (406 x 406 mm) as concrete 
compressive strength increased to 7500 and 10,000 psi (52 
and 70 MPa) respectively. Similarly, the required reinforce-
ment decreased from six No. 9 (M29) bars at fc′ = 5000 psi 
(35 MPa) to four No. 9 (M29) and four No. 8 (M25) at 
fc′ = 7500 and 10,000 psi (52 and 70 MPa), respectively 
(note: reinforcement used at all three concrete strengths 
is 1.2%Ag). It was further noticed that, at higher concrete 
strength, GFRP-RC sections performed similar to steel-RC. 
For example, as shown in Table 7, at fc′ = 5000 psi (35 MPa) 
the required dimensions for GFRP-RC section are 22 x 22 in. 
(560 x 560 mm), whereas those for steel-RC are 20 x 20 in. 
(508 x 508 mm). However, when concrete strength increased 
to 7500 psi (52 MPa) and above, the required dimensions for 
both RC sections are the same.

In contrast, when concrete strength was decreased to 
2500 psi (18 MPa), the required cross sections signifi-
cantly increased to satisfy the demand. Similar effects were 
observed in the case of steel-RC; however, unlike steel-RC, 
GFRP-RC dimensions and reinforcement area increased 
more rapidly. For example, the steel-RC section satisfied 
the demand with cross-sectional dimensions equal to 26 x 
26 in. (660 x 660 mm) with eight No. 9 (M29) bars (ρ = 
0.011Ag), whereas GFRP-RC required 28 x 28 in. (710 x 
710 mm) with eight No. 9 (M29) bars (ρ = 0.01Ag). It has 

Table 6—Steel-RC and GFRP-RC non-sway column analysis and design

Ultimate loads

Column analysis Column design

Effective 
length factor

Moment magni-
fication factor Steel-RC column GFRP-RC column

Applied 
load, kip

Moment, 
kip-ft Steel GFRP Steel GFRP

Magnified 
moment, kip-ft

Size, 
in.

Reinforcement 
area, in.2 (ratio, %)

Magnified 
moment, kip-ft

Size, 
in.

Reinforcement 
area, in.2 (ratio, %)

134 94.4 0.77 0.80 0.53 0.7 94.4 14 x 14 4 No. 7 (1.2) 94.4 18 x 18 4 No. 9 (1.2)

Note: 1 kip = 4.44 kN; 1 kip-ft = 1.35 kN-m; 1 in.2 = 645 mm2.

Fig. 4—Interaction diagram of GFRP-RC non-sway columns.
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been noted that higher concrete strengths have profound 
effects on cross-sectional dimensions and reinforcement 
area of GFRP-RC. The effect of changing concrete strength 
on cross-sectional dimensions and reinforcement area can be 
visualized in Table 7 and Fig. 5.

Also, it is worth noting here that kern distance signifi-
cantly decreases with increasing concrete strength. For 
example, for GFRP-RC, at fc′ = 5000 psi (35 MPa), the 
applied axial load acts at e = 3.0 in. (76 mm), which is within 
kern distance (h/6 = 3.6 in. [92 mm]), implying that the 
axial load does not cause tension in the section. However, 
at a concrete strength of 7500 psi (52 MPa), the kern 
distance significantly decreased and ultimately, the eccen-
tricity falls outside the kern (e = 3.0  in. [76 mm] and h/6 
= 2.7 in. [69 mm]) when fc′ = 10,000 psi (70 MPa). There-
fore, as observed by calculations, higher concrete strength 
help decreasing cross-sectional dimensions and axial load 
causes tension in the section. Subsequently, GFRP-RC cross 
sections take advantage of tensile properties of GFRP rein-
forcement and require dimensions similar to steel-RC. For 
example, as shown in Table 7, at fc′ = 7500 and 10,000 (52 
and 70 MPa), GFRP-RC required cross-sectional areas of 
18 x 18 in. (460 x 460 mm) and 16 x 16 in. (406 x 406 mm) 
and reinforcement of four No. 9 (M29) and four No. 8 (M25) 
bars, respectively—the same as steel-RC.

Design with different cross-section aspect ratio
The cross-section aspect ratio was changed from 1.0 to 1.5 

and 2.0. The ultimate axial load and moment were kept same 
for both RC cross sections (steel-RC and GFRP-RC) with 
no magnification factors applied (Pu = 789 kip [3510 kN], 
Mu = 2367 kip-in. [267 kN-m]). The reinforcement ratio was 
kept as close to 1% of the gross concrete area as possible and 
concrete strength was 5000 psi (35 MPa).

As expected, when changing the cross-section aspect ratio 
from 1.0 to 1.5 and 2.0, the required dimensions for both RC 
sections decreased. For example, as shown in Table 8, the 
GFRP-RC cross-sectional area decreased to 17 x 26 in. (432 
x 660 mm) from 22 x 22 in. (560 x 560 mm) and steel-RC to 
16 x 24 in. (406 x 610 mm) from 20 x 20 in. (508 x 508 mm) 
when changing aspect ratio from 1.0 to 1.5. It further 
decreased to 14 x 28 in. (356 x 710 mm) and 13 x 26 in. 
(330 x 660 mm) for GFRP-RC and steel-RC, respectively, 
when increasing the aspect ratio to 2.0. It can be observed 
in Table 8 that the required dimensions and reinforcement 
area for GFRP-RC are larger than steel-RC for the three 
aspect ratios investigated. It should be noted that, in all three 
cross sections the axial load is applied at e = 3.0 in. (76 mm), 
which falls within the kern distance (h/6). This implies that 
the applied load does not cause tension in the cross section. 
The effect of changing the aspect ratio may be more promi-
nent for GFRP-RC cross sections subjected to highly eccen-
tric loads (that is, eccentricity exceeding kern distance h/6). 
Therefore, an attempt was made to investigate the cross 

Table 7—Cross sections at different fc′ values

Demand

Eccentricity, 
in.

Concrete 
strength, psi

Steel-RC GFRP-RC

Applied 
load, kip

Ultimate moment, 
kip-in. h/6 Size, in.

Reinforcement area, 
in.2 (ratio, %) h/6 Size, in.

Reinforcement area, 
in.2 (ratio, %)

789 2367 3.0

fc′ = 2500 4.3 26 x 26 8 No. 9 (1.1) 4.6 28 x 28 8 No. 9 (1.0)

fc′ = 5000 3.3 20 x 20 4 No. 9 (1.0) 3.6 22 x 22 6 No. 9 (1.2)

fc′ = 7500 3.0 18 x 18 4 No. 9 (1.2) 3.0 18 x 18 4 No. 9 (1.2)

fc′ = 10,000 2.7 16 x 16 4 No. 8 (1.2) 2.7 16 x 16 4 No. 8 (1.2)

Note: 1 kip = 4.44 kN; 1 kip-in. = 113 kN-mm; 1 in. = 25.4 mm; 1 in.2 = 645 mm2.

Fig. 5—Cross sections at different fc′ values.
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sections by increasing the eccentricity to 6.0 in. (152 mm). 
The axial load was decreased to half (395 kip [1760 kN]) 
while moment was kept the same (2367 kip-in. [267 kip-ft]). 
For the GFRP-RC, it was observed that at an aspect ratio 
of 1.0, the required dimensions decreased to satisfy the 
demand (20 x 20 in. [508 x 508 mm] from 22 x 22 in. [560 
x 560 mm]), as the axial load decreased to half of original 
load). It was further observed that for GFRP-RC the required 
dimensions and reinforcement area significantly decreased 
with increasing aspect ratio and were similar to steel-RC at 
aspect ratios equal to 1.5 and 2.0. For example, as shown in 
Table 8, at aspect ratios of 1.5 and 2.0, the required dimen-
sions for GFRP-RC are 14 x 22 in. (356 x 560 mm) and 
12 x 24 in. (305 x 610 mm), which are 23% and 28% less 
from a cross section with an aspect ratio of 1.0 (that is, 20 x 
20 in. [508 x 508 mm]) and are the same as steel-RC at same 
aspect ratios. For all three aspect ratios, the eccentricity is 
outside the kern distance (h/6), implying that there is tension 
in the cross sections. Figure 6 shows the trend of changing 
the cross-sectional area when increasing the aspect ratio at 
eccentricities of 3.0 and 6.0 in. (76 and 152 mm).

Design with different load eccentricities
The analysis was carried out with the intent of 

changing eccentricities by altering the values of axial load 

while keeping the moment constant (Mu = 2367 kip-in. 
[267 kN-m]), with no magnification factors applied, to eval-
uate the effect on cross-sectional dimensions and reinforce-
ment area. The eccentricities were gradually enhanced at 
increments of 0.5 in. (13 mm), except for the points inside 
(0.1h), exactly on (h/6), and outside (0.2h) the kern (note: 
the kern distances are based on GFRP-RC cross-section 
dimensions). For square cross sections, the eccentricity 
values used in the calculations are 1.0., 1.5, 2.0, 2.4, 2.5, 3.0, 
3.6, and 4.0. The reinforcement ratio was kept as close to a 
minimum 1% of the gross concrete area as possible and the 
concrete strength used was 5000 psi (35 MPa). To compare 
the efficacy of GFRP-RC, steel-RC cross sections were 
also designed by changing the same parameters as stated 
previously. It should be noted that both RC sections were 
subjected to same demand (that is, no magnification factors 
were applied).

The cross-section design started with minimum cross- 
sectional area sufficient to satisfy the demand at e = 1.0 in. 
(25.4 mm), as shown in Table 9. It can be observed in Table 9 
that when axial loads are high, the required cross-sectional 
dimensions for GFRP-RC increase more rapidly compared 
to steel-RC. For example, at an eccentricity value equal to 
1.0 in. (25.4 mm) (Pu = 2367 kip [10,530 kN]), the required 
dimensions for GFRP-RC are 34 x 34 in. (860 x 860 mm), 

Table 8—Cross sections at different aspect ratios

Demand

Eccentricity, in.
Aspect 
ratio

Steel-RC GFRP-RC

Applied 
load, kip

Ultimate moment, 
kip-in. h/6 Size, in.

Reinforcement area, 
in.2 (ratio, %) h/6 Size, in.

Reinforcement area, 
in.2 (ratio, %)

789 2367 3.0

1.0 3.3 20 x 20 4 No. 9 (1.0) 3.7 22 x 22 6 No. 9 (1.2)

1.5 4.0 16 x 24 4 No. 9 (1.0) 4.3 17 x 26 6 No. 8 (1.0)

2.0 4.3 13 x 26 4 No. 9 (1.1) 4.6 14 x 28 4 No. 9 (1.0)

395 2367 6.0

1.0 3.0 18 x 18 4 No. 9 (1.2) 3.0 20 x 20 4 No. 9 (1.0)

1.5 3.7 14 x 22 4 No. 8 (1.0) 3.7 14 x 22 4 No. 8 (1.0)

2.0 4.0 12 x 24 4 No. 8 (1.0) 4.0 12 x 24 4 No. 8 (1.0)

Note: 1 kip = 4.44 kN; 1 kip-in. = 113 kN-mm; 1 in. = 25.4 mm; 1 in.2 = 645 mm2.

Fig. 6—Cross sections at different aspect ratios.
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and those for steel-RC are 32 x 32 in. (812 x 812 mm). 
However, when the eccentricity value increases to 4.0 in. 
(100 mm), the required dimensions for two RC sections are 
the same. Similarly, the required reinforcement area also 
decreases and is the same for GFRP-RC and steel-RC (four 
No. 9 [M29] bars). Despite stricter design limits compared 
to steel-RC, the GFRP was found effective to resist loads 
with high eccentricities, especially for values exceeding the 
kern distance (h/6). For example, in Table 9, at eccentricity 
e = 4.0 in. (100 mm), the axial load acts outside the kern 
distance (h/6 = 3.6), causing tension in the cross section and 
requires that cross-section dimensions for two RC sections 
are same. The required reinforcement and cross-sectional 
area with changing eccentricity values can be seen in Table 9 
and increase in reinforcement requirements and cross- 
sectional area with increasing eccentricities are visualized 
in Fig. 7.

COLUMN PROVISIONS FOR SHEAR IN          
CODE-440.11-22

ACI CODE-440.11-22 Section 10.5.3.1 references Section 
22.5 for the calculation of nominal shear strength of column, 
which can be calculated as given in Section 22.5.1.1

	 Vn = Vc + Vf	 (14)

where Vn is nominal shear strength; Vc is nominal shear 
strength provided by the concrete; and Vf is nominal shear 
strength provided by GFRP shear reinforcement.

The shear strength provided by concrete is calculated 
as the greater of two expressions, given by Code Sections 
22.5.5.1a and 22.5.5.1b as follows

	​ ​
​V​ c​​  =  5λ ​k​ cr​​ ​√ 

_
 ​f​ c​​ ​́bd

​ 
​(US units)​

​   
​V​ c​​  =  0 . 42λ ​k​ cr​​ ​√ 

_
 fcʹ ​ bd

​ 
​(SI units)​

  ​​	 (15a)

	​ ​
​V​ c​​  =  0 . 8λ ​√ 

_
 ​f​ c​​ ​́bd

​ 
​(US units)​

​   
​V​ c​​  =  0 . 066λ ​√ 

_
 ​f​ c​​ ​́bd

​ 
​(SI units)​

  ​​	 (15b)

where kcr is ratio of the depth of elastic cracked section neutral 

axis to the effective depth given by the Code Commentary 
Section R22.5.5.1, shown as follows

	​ ​k​ cr,rect​​  =  ​√ 
____________

  2 ​ρ​ f​​ ​n​ f​​ + ​​(​ρ​ f​​ ​n​ f​​)​​​ 2​ ​ − ​ρ​ f​​ ​n​ f​​​

Table 9—Cross sections with different eccentricities at constant moment

Eccentricity, in.
Ultimate load, 

kip

Steel-RC GFRP-RC

e/h Cross-section area, in.
Reinforcement area, 

in.2 (ratio, %) e/h Cross-section area, in.
Reinforcement area, in.2 

(ratio, %)

1.0 2367 0.03 32 x 32 12 No. 9 (1.1) 0.03 34 x 34 12 No. 9(1.0)

1.5 1578 0.05 26 x 26 8 No. 9 (1.1) 0.05 28 x 28 8 No. 9(1.0)

2.0 1184 0.09

22 x 22 6 No. 9 (1.2)

0.08
24 x 24 6 No. 9(1.0)

2.4 (0.1h) 1075 0.10 0.10

2.5 947 0.11 0.11
22 x 22 6 No. 9(1.2)

3.0 789 0.15

20 x 20 4 No. 9 (1.0)

0.13

3.6 (h/6) 710 0.18 0.18
20 x 20 4 No. 9(1.0)

4.0 (0.2h) 592 0.2 0.2

Note: 1 in. = 25.4 mm; 1 kip = 4.44 kN; 1 in.2 = 645 mm2.

Fig. 7—Cross sections with different eccentricities at constant moment.
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where ρf = (Af/bd) is the reinforcement ratio; Af is the area of 
GFRP reinforcement; nf = (Ef/Ec) is the modular ratio; and Ec 
is the concrete elastic modulus calculated as given by Code 
Section 19.2.2.1

	​ ​
​E​ c​​    =   57, 000 ​√ 

_
 ​f​ c​​ ​​ 

​(US units)​
​   

​E​ c​​    =   4700 ​√ 
_

 ​f​ c​​ ​
​ 

​(SI units)​
  ​​	 (17)

and λ = ​​√ 
____________

  2 /​(1 + ​[d/10]​)​ ​​ (​​√ 
_____________

  2 /​(1 + 0 . 004d)​ ​​ is the size effect 
factor as given in ACI CODE-440.11-22, Section 22.5.5.1.3.

The size effect factor was considered for these examples 
because h exceeded 10 in. (254 mm).

The shear strength provided by the GFRP reinforcement is 
as given in Code Section 22.5.8.5.3

	 Vf = Afvfft(d/s)	 (18)

where Afv is the area of shear reinforcement as given in Code 
Commentary Eq. (R22.5.8.5)

	​ ​ 
​A​ fv​​ _ s  ​  =  ​ ​V​ u​​ − Φ ​V​ c​​ _ Φ ​f​ ft​​ d

  ​​	 (19)

and fft is the permissible stress in the GFRP shear reinforce-
ment. The design tensile strength of GFRP transverse rein-
forcement is controlled by the strength of the bent portion 
of the bar and by a strain limit of 0.005, as given by Code 
Section 20.2.2.6

	 fft ≤ (ffb, 0.005Ef)	 (20)

where ffb is the guaranteed ultimate tensile strength of the 
bent portion of the bar. Its minimum value be taken as spec-
ified in ASTM D7957; and s is center-to-center spacing of 
transverse reinforcement.

Maximum spacing smax between legs of shear reinforce-
ment is calculated as the least of maximum spacing limita-
tions given by Code in 10.6.2.2 and its Commentary in 
R22.5.8.5

	​ ​s​ max​​  =  ​ 
​A​ fv​​ Φ ​f​ ft​​ d _ ​V​ u​​ − Φ ​V​ c​​ ​​	 (21)

	​ ​
​s​ max​​  =  ​ 

​A​ fv​​ ​f​ ft​​ _ 
0 . 75 ​√ 

_
 ​f​ c​​ ​ b 

 ​
​ 

​(US units)​
​   

​s​ max​​  =  ​ 
​A​ fv​​ ​f​ ft​​ _ 

0 . 062 ​√ 
_

 ​f​ c​​ ​ b
 ​
​ 

​(SI units)​
  ​​	 (22a)

	​ ​
​s​ max​​  =     ​ 

​A​ fv​​ ​f​ ft​​ _ 50b ​
​ 

​(US units)​
​   

​s​ max​​  =     ​ 
​A​ fv​​ ​f​ ft​​ _ 0 . 35b ​

​ 
​(SI units)​

  ​​	 (22b)

The maximum tie spacing requirement is also provided in 
the Code Section 22.7.2.1. The maximum tie spacing shall 
not exceed 12db of longitudinal bar, 24db of tie bar, h, or b.

EXAMPLE OF SHEAR DESIGN AND DISCUSSION
The sway GFRP-RC column was designed for gravity 

load and magnified moment (Pu = 789 kip [3510 kN], Mu = 
493 kip-ft [670 kN-m]) that required a cross-sectional area 
equal to 26 x 26 in. (660 x 660 mm). This section discusses 
the shear design of the aforementioned cross section 
subjected shear force (Vu) of magnitude 22 kip (98 kN), as 
given in Table 4. The shear strength provided by the concrete 
cross section (ΦVc) was calculated with Eq. (22.5.5.1a) and 
(22.5.5.1b), as given in column provisions for shear. The 
GFRP bars used as transverse reinforcement were compliant 
with ASTM D7957,12 which states that the guaranteed ulti-
mate tensile force of the bent portion of a bar shall be greater 
than or equal to 60% of the values of guaranteed ultimate 
tensile force provided in ASTM D7957, Table 3.12 Also, 
for transverse reinforcement, No. 4 (M13) bars were used, 
having a minimum inside diameter of the bend equal to 3 in. 
(76 mm) as given in ASTM D7957, Table 4.12

It was observed from the calculations that shear strength 
provided by the concrete cross section alone is not suffi-
cient to resist the shear force. Hence the shear capacity must 
increase by means of shear reinforcement to satisfy the shear 
demand. It should be noted that limits on the shear strength 
provided by concrete resulted in lower Vc together with a 
40% reduction in the strength at the bend of GFRP trans-
verse reinforcement12 significantly affect shear design. The 
limits on the maximum strength of GFRP transverse rein-
forcement given by Code Section 20.2.2.6 only allowed the 
maximum design tensile strength of reinforcement equal to 
32.5 ksi (224 MPa), which is 70% less than actual strength 
value of No. 4 (M13) bars.

In this column example, to augment the shear strength 
of the cross section, No. 4 (M13) bars were used at 9 in. 
(228 mm) center-to-center. Whereas the same column when 
designed with steel-RC only required minimum shear rein-
forcement (that is, No. 4 [M29] at 16 in. [406 mm] center-to-
center) to hold the longitudinal reinforcement, as the shear 
strength provided by the concrete cross section for steel-RC 
(24 x 24 in. [610 x 610 mm]) was sufficient to satisfy the 
shear demand.

The Code Sections 25.7.2.3a, 25.7.2.3b, and 25.7.2.3c 
require that lateral support from ties be provided for bars at 
every corner, and to bars with greater than 6 in. (152 mm) 
clear on each side. Therefore, in this column example, two 
C-shaped tie bars forming a diamond shape for middle 
longitudinal bars, in addition to two overlapping C-shaped 
tie bars for corner longitudinal reinforcement, were used, 
as shown in Fig. 8. The tie size, its dimensions, and their 
distribution along column height are schematically shown in 
Fig. 8 for a sway column.

The non-sway GFRP-RC column was subjected to an 
axial compressive load of 134 kip (596 kN), magnified 
moment of 94.4 kip-ft (128 kN-m), and no shear force value 
is specified in reference source.15 To resist the gravity load 
and applied moment, the column required a cross-sectional 
area equal to 18 x 18 in. (460 x 460 mm) and four No. 9 
(M29) longitudinal bars. Though no shear force is given in 
the column example, minimum reinforcement was still used 
to hold the longitudinal bars in position and avoid buckling. 
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The transverse reinforcement was used at maximum speci-
fied spacings as given in Code Sections 10.6.2.2 and 25.7.2.1 
and Code Commentary Section R22.5.8.5.

In this column, for transverse reinforcement, No. 4 (M13) 
bars having an inside bend diameter equal to 3 in. (76 mm) 
as stated in ASTM D7957,12 Table 4 was used. As mentioned 
in previous sections, the maximum spacing of ties cannot 
exceed 12db, 24 diameter of tie bar, and the smallest dimen-
sions of the member. Therefore, with the given cross-section 
dimensions and longitudinal reinforcement information in 
this column example, No. 4 (M13) ties were used at 12 in. 
(300 mm) center-to-center.

COLUMN PROVISIONS FOR DETAILING IN CODE-
440.11-22

Code Section 25.4.1.1 requires that tension or compres-
sion reinforcement at each section of a member shall be 
developed on each side of that section by embedment 
length, hook, mechanical device, or a combination thereof.  
Development length ld for bars in tension shall be greater 
of the values calculated by Code Sections 25.4.2.1(a), 
25.4.2.1(b), and 25.4.2.1(c)

	​ ​ 
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in which cb/db shall not be taken greater than 3.5, and where 
cb is the lesser of: (a) the distance from center of a bar to 
nearest concrete surface, and (b) one-half the center-center 
spacing of bars being developed; db is the nominal bar 

diameter; ffr is the GFRP tensile stress required to develop 
the full nominal section capacity; ω is the bar location modi-
fication factor, taken equal to 1.5, if more than 12 in. (300 
mm) of fresh concrete is placed below the reinforcement 
being developed and 1.0 for all other cases.

	 20db	 (23b)

	 12 in. (300 mm)	 (23c)

The lap splice lengths in columns shall be calculated in 
accordance with 10.7.5 and 25.5. Code Section 10.7.5.2 
states that in a column subjected to moment and axial force, 
tensile stresses may occur on one face of the column for 
moderate or large eccentricities. If such stresses occur, Code 
Section 10.7.5.2.2 requires tension splices to be used, which 
can be classified as Class A or Class B lap splices and calcu-
lated in accordance with Code Section 25.5.2.1, as given in 
Table 10.

Code Section 10.7.5.2.1 states that if the bar is compres-
sive due to factored loads, compression lap splices shall 
be permitted. Given no experimental data on development 
length for GFRP bars in compression (ldc), Code Section 
25.4.9.1 states that the development length in compression 
shall be conservatively taken the same as that for tension as 
in Code Section 25.4.2.1.

The minimum overlap of tie bar ends shall be greater of 
20db or 6 in. (152 mm), as in 25.7.2.3.1.

Code Section 10.7.6.2 states that the bottom tie shall be 
located not more than one-half the tie spacing above the top 
of footing or slab; similarly, the top tie shall be located not 
more than one-half the tie spacing below the lowest hori-
zontal reinforcement in the slab, drop panel, or shear cap. 
If beams frame into all sides of column, the top tie shall be 
located not more than 3 in. (76 mm) below the lowest hori-
zontal reinforcement in the shallowest beam.

Fig. 8—Schematic of reinforcement details in sway GFRP-RC column.
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DETAILING OF REINFORCEMENT FOR COLUMN 
EXAMPLES

The Code permits the use of the same equation for devel-
opment lengths of GFRP bars in compression and tension 
(Eq. (25.4.2)). Therefore, the development length equation 
for GFRP bars was conservatively adopted as given in Code 
Section 25.4.2. Also, there is more than 12 in. (300 mm) 
of fresh concrete to be placed below the longitudinal bar 
being developed in a sway column; hence, the bar location 
modification factor (ω = 1.5) was also used. The Code spec-
ifies a maximum limit for the term cb/db as 3.5, which in 
this column resulted as 1.83, well below the permitted limit. 
The development length was calculated using three equa-
tions mentioned in Code Section 25.4.2 and Eq. (25.4.2.1(a)) 
governed, which resulted in 64 in. (1625 mm).

The tensile bar stress at a point reaches its maximum 
value (limited by maximum strain 0.01), which is greater 
than 0.5ffu; also, the ratio of area of reinforcement provided 
to the area of reinforcement required in this example is less 
than 2.0 (that is, 1.18); therefore, Class B lap splices were 
used. The splice length was calculated as given in Code 
Section 25.5.2.1 (that is, the greater of 1.3ld, 20db, and 12 in. 
[300 mm]), which resulted 84 in. (3134 mm).

The lap splice calculated for the steel-RC column was 
33  in. (840 mm), which shows that GFRP-RC columns 
require very large splice lengths (2.5 times greater than 
steel-RC). Unlike steel, GFRP bars cannot be bent on site 
and together with more GFRP reinforcement required, they 
increase the complexity in cage preparation. It is the sole 
responsibility of the contractor to splice column reinforce-
ment cages. As shown in Fig. 7, the bottom cage bars are 
shown slightly tilted just after the start of the beam to differ-
entiate from top bars.

Code Section 10.7.6.2 explains the distribution of ties in 
a beam-column joint. It states that the bottom tie shall be 
located not more than one-half the tie spacing above the top 
of footing or slab; similarly, the top tie shall be located not 
more than one-half the tie spacing below the lowest hori-
zontal reinforcement in the slab, drop panel, or shear cap. In 
this example, the first tie was placed at 3 in. (76 mm) from 
the floor top, followed by others at the required spacing. 
Two pieces of C-shaped stirrups with minimum overlap as 
the greater of 20db and 6 in. (152 mm) were used as per 
Code Section 25.7.2.3.1. In current column design, No. 4 
(M13) bars are used; hence, an overlap of 10 in. (254 mm) 
is provided.

The development length for non-sway GFRP-RC 
column (18 x 18 in. [460 x 460 mm]) was calculated using 
Code-specified Eq. 25.4.2.1(a), 25.4.2.1(b), and 25.4.2.1(c). 

The development length equation for GFRP bars in tension 
(Eq. (25.4.2a)) was conservatively adopted for this case as 
well. Also, the bar location modification factor (ω = 1.5) 
was used to calculate the development length. The term cb/
db in this column resulted in 1.83, which is well below the 
permissible limit of 3.5. The development length calculated 
for non-sway column as per Code Section 25.4.2 resulted 
in 75 in. (1900 mm). Because the tensile bar stress reaches 
its full capacity at a point (limited by maximum strain 0.01) 
which is greater than 0.5ffu, and the ratio of area of reinforce-
ment provided to area of reinforcement required is less than 
2.0, therefore, Class B lap splices were selected. The splice 
length was calculated as given in Code Section 25.5.2.1, 
which resulted a value equal to 98 in. (2490 mm).

Code Section 10.7.6.2 explains the distribution of ties in 
a beam-column joint. The first tie was conservatively placed 
at 3 in. (76 mm), as required by Code Section 10.7.6.2, 
followed by the required spacing. C-shaped ties were used 
in the non-sway column, with an overlap as stated in Code 
Section 25.7.2.3.1, which resulted in 10 in. (254 mm) when 
using No. 4 (M13) ties.

CONCLUSIONS AND RECOMMENDATIONS
In this study, a sway column example originally 

designed with steel reinforcement was taken from the ACI 
Design Handbook,13 a companion to ACI 318-19,14 and a 
non-sway column example from the textbook by Wight and 
Macgregor.15 These two columns were redesigned with glass 
fiber-reinforced polymer (GFRP) reinforcement to show the 
implications of ACI CODE-440.11-2211 with both low- (Ef = 
6500 ksi [44,815 MPa]) and high-modulus (Ef = 8700 ksi 
[60,000 MPa]) GFRP bars. A limited parametric study 
was carried out to evaluate the effects of changing values 
of fc′, cross-section aspect ratio, and eccentricity. Based on 
the outcomes of this study, the following conclusions were 
drawn:
•	 The stiffness values for GFRP reinforcement result in 

higher moment magnification factors for GFRP-rein-
forced concrete (RC) compared to steel-RC columns.

•	 The advantage of high modulus/strength of new-gen-
eration GFRP bars can be beneficial to resist condi-
tions of large eccentricities. However, due to limits on 
maximum tensile strain (0.01 in./in. [0.01 mm/mm]) to 
control column curvature, these benefits are not fully 
used.

•	 The compressive strength and stiffness of GFRP rein-
forcement is replaced with an equal area of concrete; 
hence, bigger cross sections are typically required for 
GFRP-RC columns when compared to steel-RC.

Table 10—Lap splice length of GFRP bars in tension (ACI CODE-440.11-22, Section 25.5.2.1)

Af,provided/Af,required
* over length of splice

Maximum percent of Af spliced within 
required lap length Splice type lst

≥2.0
50 Class A Greater of: 1.0ld, 20db, and 12 in.

100 Class B
Greater of: 1.3ld, 20db, and 12 in.

<2.0 All classes Class B

*Ratio of area of reinforcement provided to area of reinforcement required by analysis at splice location.

Note: 1 in. = 25.4 mm.
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•	 Minimum reinforcement depends on the concrete gross 
area; hence, because of larger cross-section dimen-
sions, GFRP-RC will require more reinforcement than 
steel-RC.

•	 It is obvious that increasing concrete strength helps 
decrease dimensions of RC sections. However, the 
concrete strength has an additional effect on the perfor-
mance GFRP-RC cross sections. For the case consid-
ered and at concrete strength of 7500 psi (52 MPa) 
and above, the required dimensions for steel-RC and 
GFRP-RC were the same, as opposite at lower concrete 
strengths.

•	 As expected, the rectangular sections performed better 
than square sections, and in most cases, GFRP-RC and 
steel-RC required the same cross sections when axial 
load acted outside the kern (that is, large eccentricities).

•	 The current development length equation in the Code 
result in very large values compared to steel-RC 
because there is no distinction in the requirements for 
compression and tension splices. Research should be 
undertaken to reassess provision parameters by incor-
porating improvements in material properties.

•	 It is observed that replacing the contribution of GFRP 
reinforcement in compression with an equal area of 
concrete significantly affected the design. With the 
recent advancements in material properties and manu-
facturing techniques, there is need to re-investigate the 
contribution of GFRP bars in the axial compressive 
capacity of GFRP-RC columns using high-modulus 
GFRP reinforcement.
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