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Abstract

by the code.

The current code provisions in ACI 440.11 are based on the flexural theory that applies to slender members and may
not represent the actual structural behavior when the shear span-to-reinforcement depth ratio is less than 2.5 (i.e,
deep members). The Strut-and-tie method (STM) can be a better approach to design deep members; however, this
chapter is not included in the code. Research has shown that STM models used for steel-reinforced concrete (RC)
give satisfactory results when applied to glass fiber-reinforced polymer-reinforced (GFRP)-RC members with a/d

less than 2.5. Therefore, this study is carried out to provide insights into the use of STM for GFRP-RC deep members
based on the available literature and to highlight the necessity for the inclusion of a new chapter addressing the use
of STM in the ACI 440.11 Code. It includes a design example to show the implications of ACl 440.11 code provisions
when applied to GFRP-RC deep members (i.e., isolated footings) and compares it when designed as per STM pro-
vided in ACI 318-19. It was observed that current code provisions in ACI 440.11 required more concrete thickness
(e, h=1.12 m) leading to implementation challenges. However, the required dimensions decreased (i.e, h=0.91 m)
when the design was carried out as per STM. Due to the novelty of GFRP reinforcement, current code provisions
may limit its extensive use in RC buildings, particularly in footings given the water table issues and excavation costs.
Therefore, it is necessary to adopt innovative methods such as STM to design GFRP-RC deep members if allowed

Keywords GFRP, Reinforced concrete, Footing, Shear, Strut-and-tie method, Building code

1 Introduction

Reinforced concrete (RC) column footings are substruc-
tures that play an important role in transferring the
superstructure load to the soil. Three different failure
modes are usually considered in current practice when
designing an isolated column footing which typically
does not include shear reinforcement. First, one-way
shear which is resisted by a single cross-section plane at
a distance “d” from the column face. Second is punching
or two-way shear which is resisted along the perimeter
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cross-section around the column at a distance “d/2” from
its faces. Third is flexure based on the Euler—Bernoulli
beam theory. The building codes usually treat the design
of isolated footings with the same provisions as those for
elevated slabs. However, footings may behave differently
due to their geometrical dimensions and varying soil
pressure underneath (i.e., depending upon the type of
soil). Hence, the direct application of code provisions for
elevated slabs to footings may result in over-conservative
and in some instances impractical designs.

ACI 440.11-22 (ACI, 2022) is a milestone for practi-
tioners interested in the use of non-metallic reinforce-
ment. However, the direct application of code provisions
for one-way and two-way shear to footings makes the
design difficult and implementation challenging. In the
case of shallow foundations where shear reinforcement is
not provided in usual practice, shear strength is provided
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solely by concrete and becomes the function of the mem-
ber thickness. The current code requirements for shear
in ACI 440.11-22 (ACI, 2022) were derived based on
the neutral axis depth of a cracked transformed RC sec-
tion, differently from ACI 318-19, which depends on the
effective RC cross-section (ACI, 2019). The equations are
further dependent on the axial stiffness of GFRP rein-
forcement. Since GFRP reinforcement has lower stift-
ness than steel, the shear design of GFRP-RC members
requires more concrete thickness than steel-RC. This
becomes challenging when applied to deep members
such as footings. Therefore, optimizing the GFRP-RC
footing design methods is necessary to make GFRP rein-
forcement a suitable sustainable material for replacing
steel in reinforced concrete footings.

Structural members can be divided into beam-like
regions (B-regions), where plane sections remain plane
(i.e., assumptions of straight-line strain distribution
apply), and disturbed regions (D-regions) where plane
sections do not remain plane after the application of load.
The Euler—Bernoulli beam theory of RC flexure and the
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traditional approach (V_+V,) for shear applies only to
B-regions. In D-regions, however, compressive stresses
are directly transferred to the supports rather than shear
stresses as in the case of slender beams (Macgregor,
2002); therefore, a different design approach is war-
ranted. The transfer mechanism formed in deep mem-
bers resembles a hypothetical truss consisting of concrete
struts subjected to compression, and steel ties resisting
tension connected at joints referred to as nodes, such a
configuration is known as a strut-and-tie model (STM).
Collins and Mitchell, (1991) established a boundary
between B-regions and D-regions and stated that STM
controlled the shear strength of members with shear
span-to-reinforcement depth ratio (a/d) less than 2.5,
beyond this limit sectional model controlled the behavior
as given in Fig. 1 (Collins and Mitchell, 1991).

An experimental study reported that the flexural the-
ory approach to design RC members was excessively
conservative when applied to deep members such as pile
caps. Whereas STM was found to be a more practical
method as it considers the complete flow of forces rather
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than forces at a particular section (Adebar et al., 1996).
Due to the novelty of GFRP material, the shear equa-
tions in ACI 440.11-22 (ACI, 2022) require bigger cross-
sections and may not represent the actual flow of forces
in the deep members, therefore, it is reasonable to design
GFRP-RC footings using STM when a/d is less than 2.5
to minimize the thickness.

Most design codes including CSA S806-12 (CSA, 2012)
for GFRP-RC allow the design of deep members using
STM but the current edition of ACI 440.11-22 Building
code (ACI, 2022) is silent on this topic. CSA S806-12
introduced the STM for FRP-RC deep beams, which is
the same model specified in CSA A23.3 for steel-rein-
forced deep beams. The effect of lower elastic modulus of
ERP bars was considered using the stiffness factor which
depends on the shear span-to-reinforcement depth ratio
and strain in the longitudinal FRP bars. In an experimen-
tal study, the strut efficiency coefficients required for
calculating effective concrete strength in STM for steel-
RC were experimentally validated for GFRP-RC mem-
bers (Mohamed et al., 2016, 2017). In total 12 GFRP-RC
beams were tested and verified against the existing
models for GFRP-RC (i.e., CSA S806-12 (CSA, 2012))
and steel-RC (i.e.,, ACI 318-11 (ACI, 2011)). The aver-
age test-to-predicted ratio using STM in CSA S806-12
was calculated equal to 1.8 (CSA S806, 2012; Mohamed
et al,, 2016). The STM in ACI 318-11 over-estimated the
capacity with an average test-to-predicted ratio equal to
0.99 (Mohamed et al.,, 2016). A similar over-prediction of
STM in ACI 318-14 and ACI 318-19 has been reported
in the literature with a test-to-predicted ratio equal to
0.88 for continuous GFRP-RC beams (Zinkaah et al,,
2019; Zinkaah and Ashour, 2019). However, identical
results have been reported in the cases of steel-RC deep
beams as well for STM models in ACI 318 Code (Reineck
et al., 2014; Tuchscherer et al., 2014). Therefore, the qual-
ity of the prediction may not be attributed to changing
reinforcement types. The STM for steel-RC in ACI 318-
19 (ACI, 2019) when applied to GFRP-RC squat walls
resulted in an average test-to-predicated ratio equal to
1.02 (Shabana et al., 2023). Based on the above experi-
mental and analytical studies, it seems reasonable to use
the same STM model for GFRP-RC members as used for
steel-RC in ACI 318-19 (ACI, 2019). It should be noted
that STM in ACI 318-19 are force equilibrium based, and
do not involve direct calculation of strains in the rein-
forcement, as otherwise in the case of CSA S806-12. The
capacities of struts and nodes are governed by efficiency
and confinement factors which depend on the location
and confinement provided by surrounding concrete. The
overestimation of capacities as reported in some cases
using STM in ACI 318-14 or ACI 318-19 for GFRP-RC
members may be addressed by modifying efficiency
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factors based on the available literature. However, this
paper only serves as an analytical approach based on pre-
vious studies to provide the framework for the adoption
of STM for GFRP-RC members. Any deficiencies high-
lighted may be addressed by the Code committee with
safety factors.

The ACI 318-19 (ACI, 2019) and ACI committee 445.2
(ACI, 2021) allow STM design of footings. Accordingly,
in this study, an isolated footing was first designed with
the provisions of ACI 440.11-22 (ACI, 2022) Chapters 13,
7, and 8 and subsequently with STM as per ACI 318-19
(ACIL 2019) Chapter 23. A comparison between the 2
design approaches is provided to highlight the differences
in the final design and the necessity of adopting STM
for GFRP-RC deep members in the next edition of ACI
440.11-22.

2 Methodology

In this study, a footing example from the ACI Reinforced
Concrete Design Handbook (ACI 318-19, 2019) a Com-
panion to ACI 318-19 (ACI, 2019) was selected and rede-
signed using GFRP reinforcement. The isolated footing
supports the load from the 610x610 mm? column as
shown in Fig. 2, where b, and b, are the length and width
of the footing (b, =b, in this footing) and h is the thick-
ness (as given in ACI Design Handbook (ACI 318-19
2019). The constituent materials selected for the footing
design are shown in Table 1. The concrete strength f°, is
28 MPa while the GFRP bars are compliant with mate-
rial specifications listed in ASTM D7957 (ASTM, 2022).
The mechanical properties of GFRP bars affecting design
include guaranteed ultimate tensile strength f;, corre-
sponding ultimate strain £, modulus of elasticity E;, and
modular ratio n; A value of 1.20 for the bond coefficient,

,/— 610 mm x 610 mm

Isolation 125 mm
\ basement slab

: ) [ =
h
CC} l l
b; x b,
Fig. 2 Square footing [ACI 318-19 Design Handbook (ACI 318-19,

2019)
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Table 1 Properties of GFRP reinforcement, concrete, and soil
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Designation Nominal Nominal Elastic Guaranteed Ultimate  Concrete Concrete Ao+ (kN/m?)
diameter area (mm?) modulus tensile strength strain (%) strength clear cover
(mm) (MPa) (MPa) (MPa) (mm)

GFRP-M29 286 645 44,815 565 0013 - 76 -

Concrete strength - - - - - 28 - -

Soil bearing capacity - - - -

268

ky, and 0.85 for the environmental reduction factor, Cg,
are adopted as indicated in ACI 440.11-22 (ACI, 2022),
Sects. 24.3.2.3 and 20.2.2.3, respectively. A concrete
cover, c., of 76 mm, is used as specified in ACI 440.11-
22 (ACI, 2022) Sect. 20.5.1.3.1.The soil bearing capacity
for the dead and live load (gp. 1) was 268 kN/m? as given
in the ACI Reinforced Concrete Design Handbook (ACI
318-19, 2019).

The footing was first designed with GFRP reinforce-
ment using ACI 440.11-22 (ACI, 2022). Later, the same
footing was redesigned using STM as per provisions in
ACI 318-19, Chapter 23. The strut and node efficiency
coefficients required for calculating effective concrete
strength were taken from Tables 23.4.3a, 23.4.3b, and
23.9.2. The design of ties was carried out as per the
procedure given in ACI 318-19, Sect. 23.8, and addi-
tionally, environmental reduction factor, bond factor,
and strength reduction factors were adopted from ACI
440.11-22 (ACI, 2022). The anchorage of tie reinforce-
ment is required as per ACI 318-19, Sect. 23.8.2 by
mechanical devices, post-tensioning anchorage devices,
standard hooks, or straight bars. For anchorage of GFRP
reinforcement in this example, straight bars were used
with development length calculated as per ACI 440.11-
22, Chapter 25.

3 Design of GFRP-RC Shallow Foundation as Per
Flexural Theory Approach (ACI 2022)

3.1 Code Requirements

The footing carried a dead load equal to 2,406 kN and

a live load 863 kN. These loads were combined as per

ASCE 7-16 (ASCE, 2016) to compute the maximum

factored demand. For applicable factored load combi-

nations, design strength at all sections shall satisfy the

requirements of ACI 440.11-22 (ACI, 2022), Sect. 9.5.1.1

as given below.

&S, > U (1)

Strength reduction factor @ was calculated as per ACI
440.11-22 Sect. 21.2.1 as given in Table 2.

The maximum spacing of GFRP reinforcement is
limited as specified by ACI 440.11-22 (ACI 2022),
Sects. 24.3.2a and 24.3.2b as given below.

Table 2 Strength reduction factor ® (ACI 440.11-22 (ACI 2022),
Sect. 21.2.1)

Action or structural element (0]
Moment, axial force or combined axial moment and axial 0.55 to 0.65*
force (Sect. 21.2.2)
Shear 0.75
0.65 is applicable to over-reinforced sections used in this example
0.81E¢
S < —2.5¢ )
Jrke
E
S < 0662 — 2.5¢, 3)
Jrke

The development length of the GFRP reinforcement
is governed by the code Sect. 25.4.2.1, as the greater of
Eq. 4, 5, and 6 as given below.

S
_ db(o‘osf3¢ﬁ —340)

(4)

3

13.6 +
20d,, (5)
300mm (6)

The reinforcement area shall be provided as greater of
area required by the ultimate factored moment demand
and area necessary to ensure that the flexural strength
exceeds the cracking strength, indicated in ACI 440.11-
22 (ACI, 2022), Sects. 9.6.1.2a and 9.6.1.2b as given
below.

0.41,/f.
——bd
fu 7
2.3
—bd
f ®

To avoid diagonal compression failure in GFRP-
RC members maximum shear should be limited by
Eq. 22.5.1.2 in ACI 440.11-22 (ACI 2022) as given below.
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Vy < ©0.2f/bd (9)

The nominal shear strength can be calculated as per
ACI 440.11-22 (ACI 2022), Sect. 22.5.1.1 given as:

The one-way shear strength provided by concrete was
calculated as the greater of two expressions from ACI
440.11-22 (ACI 2022), Sects. 22.5.5.1a and 22.5.5.1b as
given below.

Ve = 04205k opr/f7,bd (11)
Ve = 0.066)s+/f!bd (12)
Ker,rect = \/ 2/Of”lf + (pfnf)2 — pPrhf (13)

A
pr = é = Reinforcement ratio

E
ny = 7 _ Modular ratio
i E,

E_=Modulus of elasticity of concrete, MPa, calculated
as given by the code Sect. 19.2.2.1

E. = 4,700/f.

As = \/HO.% = Size effect factor as given in ACI
440.11-22, Sect. 22.5.1.1. The size effect factor should be

considered for member depths greater than 300 mm.
However, for footing design size effect factor can be
taken equal to 1.0 as permitted in ACI 440.11-22 (AC],
2022), Sect. 13.2.6.2.

Similarly, two-way shear strength was calculated as
maximum of strength calculated with Eqs. 22.6.5.2a and
22.6.5.2b as given below:

(14)

ve = 0.83hsk oy /f, (15)

ve = 01351 /f', (16)

3.2 Analysis and Design

The footing is considered a shallow foundation because
its bottom is located 0.91 m below the basement slab (i.e.,
original footing given in ACI Reinforced Concrete Design
Handbook (ACI 318-19, 2019). The square footing is re-
designed with applicable code provisions for one-way
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slabs and two-way slabs as stated in the ACI 440.11-22
(ACI, 2022), code Sect. 13.3. The minimum base area of
the shallow foundation was selected to satisfy the code
requirements in Sect. 13.3.1.1, which requires that the
minimum base area of the foundation shall be propor-
tioned not to exceed the permissible bearing pressure
when subjected to forces and moments applied to the
foundation. It was observed that with applicable load
combinations and allowable soil capacity, the minimum
required base area of footing was 12.2 m?. Therefore, it
was decided to use a 3.6 X 3.6 m* foundation that slightly
exceeds the required dimensions. The dimensions of the
footing and critical section for one-way and two-way
shear verification are shown in Fig. 3, where b; and b,
are the length and width of footing (b, =b, for this case
of square footing), b’; and b’, are the critical perimeter
dimensions for two-way shear (b’;=b’, for this case of
square column). Also, shown are the critical sections
for one-way shear (i.e., at a distance d from the column
face) and two-way shear (i.e., at a distance d/2 from the
column face), and c; and c, are column dimensions (i.e.,
610 mm X 610 mm as provided in ACI 318—19 Reinforced
Concrete Design Handbook (ACI 318-19, 2019).

The column does not impart a moment to the foot-
ing so that the soil pressure under the footing is uni-
formly distributed. The ACI 440.11-22 (ACI, 2022),
Sect. 13.2.6.2 states that for one-way shallow foundations
and two-way isolated footings, it is permissible to neglect
the size effect factor specified in Sect. 22.5 and 22.6 for
one-way and two-way shear provisions, respectively.
Consequently, the size effect factor was neglected in both

3.6 m
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Fig. 3 Square footing, column dimensions and critical sections
for one-way and two-way shear
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calculations, and it was assumed that shear strength is
only provided by the concrete cross-section.

The critical section was assumed at distance 4 for one-
way and d/2 for two-way shear from the face of the col-
umn. The tributary area contributing to one-way shear
and two-way shear were equal to 2.47 m* and 10.7 m?,
respectively. The k, value was first calculated using a
reinforcement ratio (pf) of 0.005 and a modular ratio (nf)
1.8, resulting equal to 0.11. (Note: p;=0.005 was adopted
to meet both strength and serviceability requirements).
However, the code section R22.5.5.1 requires a lower
bound of 0.16 on the value of k, (i.e., k,=0.16) in the
Eq. 22.5.5.1b (ACI 2022; Nanni et al., 2014); hence, this
value was used to calculate one-way shear strength.

Ignoring the size effect factor and using normal-weight
concrete, the GFRP-RC footing required a larger thick-
ness for one-way shear than its steel-RC counterpart
subjected to the same loads (i.e., 0.94 m, vs. 0.91 m).
Using #1=0.94 m, the one-way shear strength of GFRP-
RC footing calculated as per ACI 440.11-22 (ACI, 2022),
Sects. 22.5.5.1a and 22.5.5.1b was equal to 815 kN which
exceeds the demand of 786 kN.

Using #=0.94 m, the two-way shear strength was cal-
culated as per Sect. 22.6 resulting equal to 2565 kN
which was less than demand of 3590 kN. Hence, the con-
crete cross-section thickness was increased to 1.12 m to
satisfy two-way shear requirements. As shown in Table 3,
the two-way shear strength at a thickness equal to 1.12 m
is 3488 kN which is greater than the demand of 3413 kN.
It should be noted that the 2-way shear strength for the
steel-RC is 5902 kN at a thickness equal to 0.91 m as also
shown in Table 3.

The critical section for the maximum bending moment
was assumed at the face of the column as shown in
Fig. 4. The tributary area contributing to the moment
was equal to 5.4 m? and the ultimate moment calcu-
lated was equal to 1,356 kN-m. The reinforcement area
used was the greater of the value required to resist the
ultimate moment and minimum reinforcement value
stated in Sects. 9.6.1.2a and 9.6.1.2b. This resulted in a
value equal to 0.011 m? however, to meet serviceability
requirements stated in the ACI 440.11-22 (ACI 2022),
Sects. 24.3.2a, 24.3.2b and 24.3.2.2, the reinforcement
area was increased to 0.019 m? shown in Table 3 as the
ratio of required and provided reinforcement area. In
this footing design, M29 bars were placed at 127 mm c/c.
The flexural capacity of GFRP-RC footing designed as
per ACI 440.11-22 (ACI 2022), was equal to 3074 kN-m.
The reinforcement area for steel-RC footing was equal
to 0.007 m? and its moment capacity was 2045 kN-m
(see Table 3). A sketch of dimensions and reinforcement
details of GFRP-RC footing designed as per ACI 440.11-
22 (ACI, 2022), are provided in Fig. 5.
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The minimum length required for the anchorage of
GFRP reinforcement was calculated as per Sect. 25.4.2.1,
ACI 440.11-22 (ACI, 2022), for a bar diameter of 29 mm.
The bar location modification factor (w) was taken equal
to 1.0 for tension reinforcement placed at 76 mm from
the base of the footing. The development length cal-
culated as per Sect. 25.4.2.1, Eq. 25.4.2.1a was equal to
1.38 m, which was greater than those calculated with
Eq. 25.4.2.1b and 25.4.2.1c. Therefore, the value of 1.38 m
obtained from Eq. 25.4.2.1a was adopted in the footing
design as per ACI 440.11-22 (ACI, 2022). The develop-
ment length calculated equal to 1.38 m must be provided
in the footing to develop the full capacity of the section at
the point of maximum moment. The development length
required for GFRP-RC as per ACI 440.11-22 is 92%
more than that required for steel-RC which is 0.72 m. In
the current design example, the footing dimensions are
3.6 mx3.6 m, hence bars can develop their full tensile
capacity at the face of column (i.e., point of maximum
moment). However, for footings of limited dimensions
such as strip and wall footings detailing reinforcement
for development length may be challenging.

The GFRP-RC shallow foundation required more rein-
forcement area than steel-RC and higher thickness. The
extra materials and excavation costs may impose limita-
tions on its application. Since the current design exam-
ple has an a/d ratio equal to 1.84 using STM is justifiable
compared to the conventional shear (V_+V,) approach
given in ACI 440.11-22 code (ACI, 2022).

4 Design of GFRP-RC Footing Using STM (ACI,
2019)

This part of the study was carried out using STM in ACI
318-19 (ACI, 2019) for the design of struts and nodes.
Ties were designed with same approach as given in ACI
318-19 (ACI, 2019) with modifications such as environ-
mental reduction factor, Cg, bond factor, k;, were adopted
as given in ACI 440.11-22 (ACI, 2022). The GFRP-RC
requires larger development lengths; hence the tie must
be designed for proper anchorage as per provisions given
in Chapter 25 of ACI 440.11-22 (ACI, 2022). The devel-
opment length of GFRP-reinforcement was calculated as
per ACI 440.11-22 (ACI, 2022), Sect. 25.4.2. GERP prop-
erties, admissible soil pressure and concrete strength are
considered the same as given in Table 1.

4.1 Code Requirements

The ACI 318-19 (ACI, 2019) code Sect. 23.3 states that
design strength of each strut, tie, and nodal zone in STM
shall satisfy S, > U including (a) through (c) given below:

(a) Strut: ®F, >F,,
(b) Tie: ®F,,>F,

nt="*ut
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b=3.6m (c) Nodal zones: OF,,>F,

@ shall be calculated as per ACI 318-19 (ACI 2019),
Sect. 21.2 (i.e,, 0.75 as also suggested in ACI 445.2 guide for
steel RC (ACI 2021)) for struts and ACI 440.11-22 (ACI,
2022), Sect. 21.2 for ties as provided in Table 2.

The nominal compressive strength of a strut, F,, shall
be calculated as given in ACI 318-19 (ACI, 2019), code
Sect. 23.4.1(a) or 23.4.1(b) as given below:

o
—_

;
=

(a) Strut without longitudinal reinforcement

Fus = feeAcs 17)
=
‘% (b) Strut with longitudinal reinforcement
2 £
I % Fs =fceAcs +fs/As/ (18)
£z
| It should be noted that ACI 318-19 (ACI, 2019),
| Sect. 23.4 states that F, shall be evaluated at each end of
Wirip = 1.5 m strut and taken as lesser value between strut and node.
Fig. 4 Critical section for the moment Effective compressive strength of concrete in a strut f,,
shall be calculated in accordance with ACI 318-19 (ACI,
2019), Sect. 23.4.3 as given below:
B Jee = 0.85B5Bf . (19)
where strut coefficient ffs and strut and node confine-
/ S;m‘f)gf)w eis (ACH ment modification factor fic can be calculated in accord-
ance with ACI 318-19 (ACI 2019), code Sect. 23.4.3a and
28-M29 23.4.3b as given below in Tables 4 and 5:
{ The nominal tensile strength of a tie, F,,, shall be calcu-
lated as given in the ACI 318-19 (ACI 2019), Sect. 23.7.2 as
;"d:‘:mr _ % HI " given below:
76 mm F t — Ats_f 20
clear cover T % 3.6mx3.6m % " fu ( )
28-M29 The nominal compressive strength of nodal zone, F,,
Fig. 5 GFRP-RC Footing reinforcement detailing shall be calculated as given in the ACI 318-19 (ACI, 2019),
code Sect. 23.9 and given below:
Fun = feeAnz (21)
Table 4 Strut coefficient 3, (ACI 318-19 (ACI 2019), Sect. 23.4.3(a))
Strut location Strut type Criteria B,
Tension members or tension zones Any All classes 04 (a)
of members
All other cases Boundary struts All cases 1.0 (b)
Interior struts Reinforcement satisfying (a) or (b) of Table 23.5.1  0.75 (0
Located in regions satisfying 23.4.4 0.75 (d)
Beam-column joints 0.75 (e)
(

All other cases 04
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Table 5 Strut and node confinement modification factor 8. (ACI 318-19 (ACI 2019), Sect. 23.4.3(b))

Location B,

- End of a strut connected to a node that includes  Lesser of \/AA% . where A, is defined by the bearing surface (a)
a bearing surface 20 ! ®)
- Node that includes a bearing surface ’

Other cases 1.0 (©)

Table 6 Nodal zone coefficient 55, (ACI 318-19 (ACI 2019),

Sect.23.9.2)

Configuration of nodal zone B,

Nodal zone bounded by struts, bearing areas, or both 1.0 (a)
Nodal zone anchoring on a tie 0.80 (b)
Nodal zone anchoring on one or more ties 0.60 (c)

Effective strength of concrete (f,,) at a face of nodal zone
shall be calculated as given in the ACI 318-19 (ACI, 2019),
Sect. 23.9.2 as given below:

Jee = 0.858cBuf;

where nodal zone coefficient f5, shall be calculated as
given in ACI 318-19 (ACI, 2019), Sect. 23.9.2 provided in
Table 6, and f§, as per 23.4.3(b) (i.e., Table 5).

The area of nodal zone A,, can be calculated as given
in Sect. 23.9.4 or 23.9.5. ACI 318-19 (ACI, 2019) code
Sect. 23.9.4 states that area of nodal zone shall be taken as
smaller of (a) and (b) given below:

(22)

(a) Area of the face of nodal zone perpendicular to the
line of action of F

(b) Area of a section through the nodal zone perpen-
dicular to the line of action of the resultant force on
the section

ACI 318-19 (ACI, 2019), Sect. 23.9.5 describes the area of
a nodal zone in a three-dimensional strut-and-tie model as
area of each face of nodal zone shall be at least that given in
23.9.4, and the shape of each face of the nodal zone shall be
similar to the shape of the projection of the end of the strut
onto the corresponding face of the nodal zone.

ACI 318-19 (ACI, 2019), Sect. 23.4.4 requires the mini-
mum dimensions of a member shall be selected to preclude
diagonal tension failure by imposing a limit on maximum
shear as given below.

Vi < @5tanilsy/f' bd (23)

4.2 Analysis and Design

4.2.1 STM Dimensioning

The various steps involved in the geometric layout of
STM are effective concrete strength, shape and strength
of struts, strength and anchorage of ties, and detailing
requirements. In STM, it is important that struts do not
cross each other, except at nodes and strength of each
member exceeds the demand. Developing a STM of a
D-region is much simplified if the elastic stresses and
principal stress directions are available. Such an elas-
tic analysis can be easily obtained from the wide variety
of computer programs available today. The direction of
struts can then be taken in accordance with the mean
direction of principle compressive stresses or more
important struts and ties can be located at the center of
gravity of corresponding stress diagram. In the absence
of any software the STM can be generated using the
load path method (Schlaich et al.,, 1987). Depending on
the dimensions of footing the number and direction
of diagonal struts varies. Figs. 6 and 7 show the typical
distribution of uniformly distributed loads to equivalent
concentrated loads for strut and tie models.

Fig. 7 is taken from ACI 318-19, Chapter 13 where
code allows to replace soil pressure with equivalent con-
centrated loads. A similar approach was adopted for the
current design example and a model produced for foot-
ing was selected by interpolation of existing models in
the literature (Schlaich et al, 1987; MacGregor, 2002;
ACI, 2021). The developed strut and tie model for current
design example is shown in Fig. 8a and b (Note: Fig. 8b
is section A-A, taken from Fig. 8a). In these figures, the
struts are labeled with the letter “C” and dotted lines,
and do not cross each other as suggested in the litera-
ture (ACI, 2019) and ties are labeled with letter “T”. The
uniform soil pressure acting on the footing was replaced
with equivalent concentrated loads acting at nodes join-
ing struts and ties as shown in Fig. 8b.

The load at the top nodes was divided into four
equal loads applied on four equal areas of the column:
(610 mm x 610 mm?)/4 =305 x 305 mm? transferring it
to 8 struts (as shown in Fig. 8a). Assuming the forces
are acting at the center of each of these areas, the
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Fig. 6 Strut-and-tie models for uniformly distributed loads (Schlaich et al., 1987)
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strut-and-tie model

Fig. 7 Distribution of soil pressure and equivalent concentrated loads (ACI 2019)
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(a) .

(9]
b = 3.6

0.91 1.8

b, =36

Plan view of Strut-and-Tie Model

(b)

Al
%
kN (+) ¢ N

Load 4616 kN

Prismatic struts

ws =300 mm
i
48

0.91
w; =190 mm
N ° 4
Nodal zone | 76 mm l,=230 mm
[ |
Equivalent concentrated load 3.6x3.6

I O O A

[ O O A

Soil pressure

Cross-section A-A

Fig. 8 STM developed for current design example

maximum load on each of these areas was calculated in the literature (ACI 318-19, Lim. E., and Hwang, S. J.,
equal to 1157 kN. The bottom node (N;) (i.e., intersec-  2016). The top node was located at 0.05 h (h=914 mm)
tion between strut-and-tie) is located at half of the tie  from topmost surface of the footing (Macgregor, 2002).
width (i.e., 95 mm). The tie width was calculated fol-  Usually these estimates are based on “back of the enve-
lowing the recommendation in ACI 318-19 as also used lope” calculations. Minimum area of foundations is
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still governed by the ACI 440.11-22 (ACI, 2022) code
Sect. 13.3.1.1 (i.e., 3.6 X 3.6 m?) which states that mini-
mum base area of foundation shall be proportioned to
not exceed the permissible bearing pressure when sub-
ject to forces and moments applied to foundation (ACI,
2022). The horizontal and vertical projection of the
nodes and corresponding forces in STM were calcu-
lated from the geometry of the model shown in Fig. 8a
and b. The horizontal projection of Node 1 from end of
footing is 914 mm, and vertical projection is at 190 mm
from bottom. Whereas Node 2 is located at 1,981 mm
from the left end and 870 mm vertically from bottom
of the footing. The angle between the axis of strut-and-
tie was calculated equal to 48 degrees. The axial force
in the strut (S1) was calculated equal to 765 kN and
that in the tie 506 kN as provided in Table 7. The width
of prismatic diagonal strut was calculated equal to
300 mm. Since the footing designed is square and loads
do not produce any moments hence only strut S;, and
tie T, were analyzed and designed, remaining configu-
ration will follow same loading and strength pattern.
The calculated loads in STM are provided in Table 7
with negative sign implying compression.

The ACI 318-19 (ACI, 2019), Sect. 23.4.4 states that
to preclude diagonal tension failure, the ultimate shear
force (i.e., V,,=1157 kN) should be less than the limit
provided in the code. Using the available dimensions
(b=3.6 m, and d =825 mm), the ultimate shear was less
than the limit provided in the code (3900 kN). In the
footing designed as per STM, the size effect factor was
considered, and its value was calculated equal to 0.68
(as per Eq. 22.5.5.1.3). Note: Horizontal projection of
nodes is from left end of footing, whereas vertical pro-
jection is from bottom.

ACI 445.2-21 (ACI, 2021) STM guidelines for ACI
318-19 (ACI, 2019) states to check two-way shear when
designing foundations using STM. The shear-transfer
capacity of STM depends on strut geometry and its
inclination which is implicitly addressed in ACI 318-19
Sect. 23.4. This is also confirmed in recent publication
by Shabana et al. (2023). Also, the authors assume that
the requirements stated in ACI 445.2-21 guide for shear
may be applicable to design boundary regions between

Table 7 Geometry and Forces in the Struts and Tie
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B-region and D-region, as D-regions can be completely
analyzed using STM (Adebar et al. 1996). McGregor
while developing derivation of STMs for the 2002 ACI
code stated that for D-regions a different approach
other than traditional B-region design methods (i.e.,
one-way, and two-way shear) is needed and proposed
STM (Macgregor, 2002). Therefore, the authors solely
focused on the provisions of ACI 318-19 (ACI, 2019),
chapter 23 for STM models since a/d < 2.5 for the cur-
rent footing.

4.2.2 Strength of Members

Strength of strut. There are eight diagonal struts, all trans-
ferring loads of same magnitude. Hence, only one diag-
onal strut (S;), and one Tie (T;) as shown in Fig. 8 are
presented. The strut S;, transferred load equal to 765
kN to the node N; joining strut S; and tie T;. The strut
strength was calculated as per ACI 318-19 (ACI, 2019),
Sect. 23.3. The effective concrete strength in strut S; was
calculated as per ACI 318-19 (ACI, 2019), Sect. 23.4.3.
The efficiency factor for effective concrete strengths was
calculated using Tables 23.4.3a and Table 23.4.3b of ACI
318-19 (ACI, 2019)

The efficiency factor of strut depends on load dura-
tion effects, cracking, strut type, transverse strains, and
confinement from surrounding concrete. The strut effi-
ciency co-efficient “B;” for an interior strut was taken
from Table 23.4.3a of ACI 318-19 (ACI, 2019). It should
be noted that the adopted STM satisfies the require-
ments stated in ACI 318-19 (ACI, 2019), Sect. 23.4.4
Table 23.4.3a. Also, S, is an interior restrained strut (ACI,
2019), hence the strut efficiency factor was taken equal
to 0.75 as given in Table 23.4.3(a) of ACI 318-19 (ACI,
2019). Further, due to three dimensions of the footing,
strut strength should be greater due to confinement of
surrounding concrete. Similarly, the confinement modi-
fication factor “B,” was conservatively taken equal to 1.0
from Table 23.4.3b. The strength reduction factor for
the strut was taken equal to 0.75 as given in ACI 318-
19 (ACI, 2019) and ACI 445.2-21 Strut-and-tie method
guidelines for ACI 318-19- Guide (ACI, 2021).

Using the above parameters, the effective compressive
strength of concrete in diagonal strut S; was equal to

Strut/Tie Horizontal Vertical Angle Demand
Projection (mm) Projection (degrees) - - -
(mm) Vertical Component (kN) Horizontal Component (kN) Axial Force (kN)
S N, 914 190 48 576 506 — 765
N, 1981 870
TN, 914 190 506

N, 2743 190
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Table 8 STM geometry of members, demand, and capacity

Strut/ Tie/ Angle Demand (kN) Capacity (kN)
Node (degrees)

ST 48 — 765 1180

T, 0 506 832

N, - ~576 963

N, - ~576 1595

17.5 MPa. The diagonal strut was assumed to be a square
strut with each dimension calculated equal to 300 mm.
Using strut dimensions, effective strength of concrete in
the strut and strength reduction factor, the strut strength
was calculated equal to 1180 kN, which is greater than
demand 765 kN. The demand and capacity values of strut
S, are provided in Table 8.

Strength of Nodes. A node consisting of strut, tie and
bearing surface was represented as CCT node (N,).
Whereas that with strut on two sides and a force or bear-
ing surface on other side as CCC node (N,) as stated in
ACI 318-19 (ACI, 2019), section R23.2.6. When check-
ing the strength of a node, the smaller value of effective
concrete strength between intersecting strut and node
should be used in the design.

The strength of the node was calculated as per ACI
318-19 (ACI 2019) Sect. 23.9, and nodal zone coefficient
“B,” was calculated as given in Table 23.9.2 (ACI, 2019).
The nodal zone coefficient “B,” for a CCT node (i.e., N;)
was taken equal to 0.8 as it anchors one Tie. Using node
confinement modification factor equal to 1.0 as stated
in Table 23.4.3b (ACI, 2019) and nodal zone coefficient
equal to 0.8, the effective strength of concrete in Node
N, (CCT) was equal to 18.7 MPa. The minimum width
of bearing surface at node 1 required for applied vertical
load (i.e., 576 kN) was calculated to be equal to 230 mm.
It should be noted that the width of the bearing surface
is usually governed by the bearing plate or support at the
node. However, in the case of footing, the load from node
is transferred to the soil. It could be assumed that bearing
width (/;) is the tributary width contributing to concen-
trated load at the node (as in some wall examples with
multiple ties within wall depth). However, for calculation
purposes only the minimum required width to support
the applied load was used (i.e., 230 mm). The thickness
of node was taken equal to width of strut at node 1 (i.e.,
300 mm). Using the above dimensions, effective concrete
strength of node 1 and strength reduction factor, the
bearing strength of Node 1 (N;) was calculated equal to
963 kN which is greater than demand 576 kN as shown
in Table 8.

Similarly, the strength of node 2 (CCC) was calculated
assuming diagonal strut (S,;) having square cross-section
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and its dimensions at Node 2 calculated equal to 300 mm.
The width of node 2 was taken equal to width of bearing
surface at node 2 (i.e., area transforming load to strut 1)
and its thickness equal to width of strut. The node con-
finement modification factor “B,” was taken equal to 1.0
and nodal zone modification factor “B,” was equal to 1.0
as adopted from Table 23.9.2, ACI 318-19 (ACI, 2019).
The effective strength of concrete for node 2 was calcu-
lated equal to 23.4 MPa. Using the above parameters, the
strength of Node 2 (CCC) was equal to 1595 kN, which
is greater than the demand of 576 kN. The demand and
capacity values for Node 2 are provided in Table 8.

Strength of Tie. The thickness of the tie in this study
was equal to 190 mm, and the width of tie was taken
equal to width of the node 1 (i.e., 300 mm). As previ-
ously described the thickness of tie was calculated by
diving the force in the tie by efficiency and width of the
node (Lim. E., and Hwang, S. J., 2016). The mechanical
properties of GFRP reinforcement are given in Table 1.
The required reinforcement area for the applied force
506 kN was equal to 1052 mm? Therefore, 2-M29 bars
were used at 125 mm (A,=1535 mm?) center-center-
center spacing. The capacity of tension tie, T; was equal
to 832 kN which is greater than 506 kN (i.e., demand) as
given in Table 8. The details of tie reinforcement and its
detailing are provided in Fig. 9. ACI 318-19 (ACI, 2019)
Sect. 23.8.3 requires that tie force shall be developed in
each direction at the point where the centroid of rein-
forcement in the tie leaves the nodal zone. The develop-
ment length required to develop the tie force was equal
to 1.14 m which was provided by a straight, and a bent
bar as shown in Fig. 9.

4.3 Secondary Reinforcement

The GFRP type used for secondary reinforcement was
compliant with material specification ASTM D7957
(ASTM, 2022). The mechanical properties of GFRP bars
affecting design are provided in Table 1. The minimum
secondary reinforcement is required by ACI 440.11.22
(ACI, 2022), Sect. 24.4.3.2, which states that the ratio of
shrinkage and temperature reinforcement area to gross
area shall not be less than 140/E; The minimum rein-
forcement area needed to satisfy the code requirements
was equal to 0.009 m?2. Therefore, a mat was used con-
sisting of M29 bars spaced at 211 mm center-to-center
parallel to each side of the square footing. The required
shrinkage reinforcement could be adjusted for Tie rein-
forcement, hence the required reinforcement for shrink-
age and temperature will reduce to M29 bars placed at
290 mm center-to-center as allowed in ACI 440.11 Code.
The secondary reinforcement details are provided in
Fig. 9.
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The required shrinkage and temperature reinforce-
ment is 80% more than that required for steel-RC which
required 0.005 m? (i.e,, M29 bars at 365 mm c/c). The
secondary reinforcement provisions in ACI 318-19 are
based on an empirical approach which has been found
to produce satisfactory results for steel-RC. The ratio of
GFRP bar area-to-gross concrete area required by code
Sect. 24.4.3.2 (ACI 2022) was intended to provide same
force capacity as does the 0.0018 ratio required by ACI
318-19 (Shield et al., 2019). Further, a limit on maximum
spacing of GFRP temperature and shrinkage reinforce-
ment is also provided as lesser of the value obtained from
3 h or 300 mm. This limit is stricter than that required by
steel-RC, which is minimum of 5 h or 460 mm. Accord-
ingly, the secondary reinforcement provisions for GFRP-
RC members impose a significantly larger reinforcement
area. For example, in this study shrinkage and tem-
perature reinforcement required as per ACI 440.11-22,
Sect. 24.4.3.2 is equal to M29 bars at 211 mm center-to-
center, which is more than half the amount required for
strength and detailing (i.e., M29 bars @ 127 mm). There-
fore, it is necessary to experimentally investigate the
minimum reinforcement required for temperature and
shrinkage for GFRP-RC members.

5 Conclusions and Recommendations
In this study, a footing example was taken from ACI Rein-
forced Concrete Design Handbook (ACI 318-19 2019), a
Companion to ACI 318-19 (ACI, 2019) and redesigned
with GFRP reinforcement to show the implication of
some ACI 440.11-22 (ACI, 2022) building code provi-
sions. Later, the footing was redesigned using strut-and-
tie method as per guidelines of ACI 318-19 (ACI, 2019).
The concrete strength f°, was assumed to be 28 MPa and
bond coefficient, ky =1.20, and environmental reduction
factor, C;=0.85 were used as per ACI 440.11-22 (ACI,
2022). Other assumptions regarding soil pressure and
geometry of strut-and-tie model were also made.

Based on the outcomes of this study in the design and
detailing, the following conclusions were drawn:

+ The reinforcement area required for GFRP-RC foot-
ing was higher compared to steel-RC due to detailing
requirements in ACI 440.11-22.

+ GFRP-RC footing designed as per ACI 440.11-22
Building Code required a thickness value equal to
1.12 m, whereas that designed as per ACI 318-19
using steel reinforcement required 0.91 m.

+ The required thickness GFRP-RC footing decreased
to 0.91 m when designed using strut-and-tie method,
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which is similar to steel-RC footing using ACI 318-19
sectional design approach.

+ Based on analytical study and available literature
strut-and-tie method is found to be a more promis-
ing way to design GFRP-RC footings when a/d is less
than 2.5.

+ The GEFRP reinforcement requires longer develop-
ment length which may be an issue in footings of lim-
ited dimensions when developing full tensile capacity
at the face of node.

+ Minimum secondary reinforcement was also pro-
vided in addition to that required for ties as required
by ACI 440.11-22. The footing required M29-bars at
211 mm center-to-center, which is close to reinforce-
ment requirements for strength and detailing.

+ Based on the outcomes of this study, it is evident ACI
440.11 provisions for design of GFRP-RC deep mem-
bers impart significant challenges to the designer. It is
important to utilize innovative methods such as STM
to ease such challenges. The literature agrees on fact
that STM in ACI 318-19 closely estimates the capaci-
ties of GFRP-RC deep members. However, some dis-
crepancies also exist in the literature about over-pre-
diction of strength. Therefore, modifications in terms
of safety factor or efficiency factors in ACI 318-19
may be carried out to address the issues highlighted
in the literature. Thereby, a chapter addressing the
use of STM for GFRP-RC may be added in the next
edition of ACI 440.11-22 Code.

List of symbols

A Cross-sectional area at the end of strut

A Area of face of nodal zone or a section through nodal zone, mm?

A Area of compression reinforcement at nominal axial strength of strut

A Area of reinforcement in a tie, mm?

As Area of GFRP reinforcement within spacing S, mm?

b Web width or diameter of the circular cross-section, mm

[ Lesser of: (a) the distance from center of a bar to nearest concrete sur-
face, and (b) one-half the center-center spacing of bars being devel-
oped, mm

(o Concrete cover

d Distance from extreme compression fiber to centroid of longitudinal
tension reinforcement, mm

dy Nominal diameter of bar, mm

E, Modulus of elasticity of concrete, MPa

E¢ Modulus of elasticity of GFRP reinforcement, MPa

f'. Compressive strength of concrete at 28 days

Fee Effective strength of concrete

F Stress in the compression reinforcement at nominal axial strength of
strut

fe Tensile stress in GFRP reinforcement required to develop the full nomi-
nal section capacity, MPa

frs Stress at service loads

Fos Nominal strength of strut, N

Fon Nominal strength at the face of nodal zone, N

Fus Factored compressive force in a strut, N

Factored tensile force in a tie, N

Fa Design tensile strength of GFRP reinforcement, MPa

ke, Bond dependent coefficient

ke, Ratio of the depth of elastic cracked section neutral axis to the effective
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depth
M, Ultimate factored moment at a section, kN-m
Sh Nominal moment, shear, axial or torsional strength
Smax Maximum allowed spacing, mm
U Strength of a member or cross section required to resist factored loads

or related internal moments and forces
V. Nominal shear strength provided by the concrete, N
Ve Nominal shear strength provided by GFRP shear reinforcement, N
v, Nominal shear strength, N
v, Factored shear force at section, N
W, Ultimate factored load, kN/m
1) Bar location modification factor
& Strain in GFRP flexural reinforcement
0] Strength reduction factor
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