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SHEAR CAPACITY PREDICTION OF REINFORCED CONCRETE
MEMBERS STRENGTHENED WITH ULTRA-HIGH PERFORMANCE
CONCRETE OVERLAY

Hor YIN !, Kazutaka SHIRAI*> and Wee TEO™

ABSTRACT

This paper presents the prediction of shear capacity of reinforced concrete (RC) strengthened with ultra-
high performance concrete (UHPC) overlay based on application with modifications of current design
codes. Two different methods were individually used. The first method was investigated by converting
the percentage of volume steel fibres in UHPC to an equivalent longitudinal steel ratio. The second
method was adopted as a sum of two components of shear contributions provided by RC member and
by UHPC layer. As a result, the computed shear strength showed a promising result.
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1. INTRODUCTION

Previous studies on reinforced concrete (RC)
members strengthened with ultra-high performance
concrete (UHPC) showed that UHPC overlay
significantly enhances the structural performance [1,2],
due to the excellent properties of UHPC showing strain
hardening and energy absorption [3,4]. Specifically,
UHPC has shown a great influence on the cracking
development patterns, ultimate strength and ductility.

Although several studies on RC members
strengthened with UHPC have been experimentally
conducted [1,2,5], few shear models are available [6].
Noshiravani and Brithwiler [6] reported analytical
models for flexural-shear resistance of composite beams.
An elastic-plastic fictitious composite hinge model was
used for the cracking in RC members with consideration
of interaction between the two elements of RC members
and UHPC; however, several analytical steps were
required. For conventional RC members, shear capacity
can be calculated using the current design codes such as
ACI318 [7], the tensile strength of normal strength
concrete (NSC) is generally negligible, whereas that of
UHPC should be taken into account since UHPC
exhibits high tensile strength (> 8 MPa).

To date, design provisions have not yet been
available to predict the shear strength of RC members
strengthened with UHPC. Methods that can predict the
shear strength are therefore needed. For this purpose, use
with modification of existing design models of RC
and/or fibre reinforced concrete (FRC) structures would
be a rational approach. The analytical models should be
derived from the principle concepts of current design
guidelines for RC and/or FRC structures.

This paper introduces simple methods for
predicting the shear strength of RC members

strengthened with UHPC overlay by application with
modification of current design models. Test results of
four slabs strengthened with UHPC layer and one
reference RC slab conducted by Yin et al. [5] are used to
validate the proposed method. A summary of the current
design models [7-9] is provided. Simple assumptions for
modification of current design formulations adopted in
this study are described. Verification between the
prediction results and the test results are presented.

2. DESCRIPTION OF TEST SPECIMENS AND
RESULTS

2.1 Geometry of Specimens

Section 2 describes the test specimens and the test
results of RC slabs strengthened with UHPC overlay.
Full details of the specimens could be found in [5]. The
reference slab specimen, RE-0, was 1600 mm long with
a clear span of 1200 mm and 300 mm x 100 mm cross
section. The specimens were made upside down from the
state shown in Fig. 1. Before casting of UHPC layer, the
surface of RC members was roughened purposely to
create a good bond interface between UHPC and NSC
substrate.

Two thicknesses, 25 mm and 50 mm, of UHPC
layer were considered. Two slab specimens of each layer
thickness were tested. One was not reinforced and the
other had five 10 mm diameter high tensile steels (5T10)
as longitudinal rebar as shown in Fig. 1. The five 12 mm
diameter high tensile steels (5T12) (1.88% in ratio to the
RC member section) was provided in both tension and
compression to avoid macrocrack formation during the
tests prior to the fracture of UHPC layer, and the
additional 5T10 was installed to meet anchorage
condition in UHPC layer. Table 1 shows the detailed
geometry and area of rebar of the specimens.
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(b) Cross-sectional layouts

Fig.1 Details of test setup and reinforcement arrangement [5]

Table 1 Details of the specimens [5]

Specimen by h hy Ay A’s Asv
(mm) (mm) (mm) (mm?) (mm?) (mm?)
RE-0 300 100 - 565 565 -
OV-25 300 125 25 565 565 -
OV-25a 300 125 25 565 565 393
OV-50 300 150 50 565 565 -
OV-50a 300 150 50 565 565 393

Note: b,, = width of the specimens; / = total height of the specimens; 4y = thickness of the UHPC layer; 4, = area of
the bottom rebar; 4’s = area of the top rebar; and 4,u = area of the rebar in UHPC layer

Table 2 Mechanical properties of concrete [5] increase of the specimen total height, the RC members
Compressive Flexural Young’s with UHPC layer at the tension zone showed enhanced
Material strength strength modulus? overall performance such as stiffness and load carrying
(N/mm?) (N/'mm?)  (kN/mm?) capacity compared to the reference RE-0. In addition, the
NSC 23 - 22.5 influence of reinforcing bars in UHPC did not seem to
UHPC 153 27.4 58.1 differ from those without rebar in initial stiffness as
%: calculated using E. = 4700(/ )% [7] (/" in MPa) clearly seen in OV-50 and OV-50a. However, provided
reinforcing bars in UHPC increased the ultimate load of
Table 3 Details of reinforcement properties [5] the members.
Yield strength Young’s modulus 120
Rebar (N/mm?) (KN/mm2)
T12 502 200 100
T10 475 200 80
E
2.2 Material Properties - 60
Mechanical properties of UHPC are listed in L‘;’
Table 2. UHPC with 3% volume steel fibres was 40
adopted. Detailed UHPC mix design and preparation of 20
the slabs could be found in [5]. Characteristics of the
reinforcement are shown in Table 3. 0
2.3 Test Results Deflection (mm)

Fig. 2 shows load-deflection curves of the

specimens. Owing to strengthening effect including Fig. 2 Load-deflection curves [5]
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Fig. 3 shows the crack patterns and failure mode
of the specimens after test. The reference slab RE-0
showed brittle shear crushing and flexural cracks at the
mid-span. The RC slabs strengthened with UHPC layer
(OV-25, OV-25a, OV-50 and OV-50a) showed sudden
shear cracks and debonding mode of UHPC layer.
Further discussion on the experimental results could be
found in [5].

Load, P

RE-0

Shear crushing
Flexural cracks

Debonding &

shear cracks

Debonding &

shear cracks

Debonding &

shear cracks

Fig. 3 Cracking behaviour of the specimens [5]
3. SUMMARY OF CURRENT DESIGN MODELS

3.1 Design Shear Models of RC Members

Current design provisions [7,9] for RC members
suggest that the nominal shear capacity (V,) can be
calculated as a sum of the contribution of transverse
steels (Vs) and the concrete (V.) as follows:

Vi=Vi+ Ve (D

For shear reinforcement (stirrups), ¥, can be given as:

S d
K=Af?t @

where Ay, is the area of shear reinforcement; f,, is the

yield strength of stirrups; d is the effective depth; and s
is the spacing of stirrup.

a) ACI 318 Code
According to the ACI318 (2008) [7], the V. can be
expressed as:

V. :(o.mwf; +17p, Z;djbwd 3)

u
where 1 is the reduction factor; f’. (in MPa) is the
compressive strength of concrete; p; is the longitudinal
ratio; V, is the shear force; M, is the moment at section;
d is the effective depth; and b,, is the web width.

b) JSCE Recommendation
The JSCE recommendation (2007) [9] provides
the expressions of V. as follows:

VC _ ﬂdﬂpﬂnfvcdbwd (4)
Vb

where:

fvcd = 02%

1000
b=

where fyca < 0.72 MPa
where ;< 1.5

where 5, < 1.5

2M, .

B,=1+—L (N,>0) wheref,<2
Mud
4M, :

ﬁnzl"rio (Nd <0) WhereﬂnEO
Mud

where N’z is the design axial compressive force; M.q is
the flexural capacity without consideration of axial
force; My is the flexural moment necessary to cancel
stress due to axial force at extreme tension fibre; b, is
the web width; d (in mm) is the effective depth; p, is the
reinforcing bar ratio (p, = 44/(bud)); As is the area of
tension reinforcement; f’.; (in MPa) is the design
compressive strength of concrete; and y; is the factor
(suggested to be y, = 1.3).

3.2 Design Shear Models of FRC Members
The current design code, ACI544 [8], provides the
nominal shear strength, 7, of FRC members as follows:

0.25
n=3ﬁ{1j bd 5)
3 a

where f.; is the tensile strength of FRC; a is the distance
from the pointing load to the support; d is the effective
depth; and b,, is the web width. It should be important to
note that the empirical formulation does not account for
factors that are recognised to significantly influence the
shear strength, including the fibre length (or fibre types)
and the longitudinal rebar ratio.

4. SHEAR CAPACITY OF RC MEMBERS
STRENGTHENED WITH UHPC OVERLAY

4.1 Failure Mechanisms

To predict the shear capacity of RC members
strengthened with UHPC overlay, investigation on
failure mechanisms was carried out. UHPC layer
strengthening to the soffit of RC members tends to
undergo debonding mode in several different force
transfer mechanisms as indicated in Fig. 4. Basically, the
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debonding occurs in the zone, where the shear and
flexural moment are significant.

The debonding caused by shear generally occurs
near the support that the inclined shear cracks induces
the dowel action of the members spalling the concrete
cover. The debonding crack then propagates along the
bond interface of NSC and UHPC.

Flexural debonding behaviour of the members is
the failure that either flexural cracks or inclined flexural-
shear cracks at the mid-span are critically large. It then
propagates to the support or the end of UHPC layer along
the interface.

The shear debonding is often found to be the most
critical behaviour due to the sudden and brittleness of the
failure. Moreover, even the shear mechanism itself of RC
members is complicated. The added UHPC layer
provides more parameters, which should be considered
into the shear models inevitably. Further studies based
on particular tests such as bond/shear strength at the
UHPC-NSC interface and the interaction of the dowel
action and debonding are needed.

The interfacial bond behaviour remains a
challenge in the development of accurate prediction
methods. However, the following section described a
simple method, which did not consider the effect of
actual bond mechanical interface for simplicity as an
initial study for predicting the shear capacity, based on
modification of the existing design codes.

(1) Concrete

(3) Dowel  (2) Shear ) .
action (gracks crushing Loading
/7 ////////// 4// e : < ——
N7 /s /s 2 7/, 2 //// # “
I
(4) Debonding
Support (5) Flexural cracks,

UHPC debond and
fracture

(6) Concrete
cover spalls

Fig. 4 Typical failure modes of RC members
strengthened with UHPC

4.2 Method for Prediction of Shear Capacity

The nominal shear capacity of RC members
strengthened with UHPC layer in this study was based
on the existing design formulations [7-9]. Additionally,
a suggestion from Noshiravani and Bruhwiler [1] and
Yin et al. [5] that the shear capacity of the strengthened
members are predominantly carried out by the web of the
existing RC members was also taken into consideration.
Based on their studies, it implies that the shear
contribution of thin UHPC may be relatively small. The
shear capacity relies on the tensile strength of UHPC,
which may be determined by steel fibres. The effect of
bond interface is not considered in Method (1) and (2) in
this paper.

To predict the nominal shear resistance of RC
members strengthened with UHPC, two different
methods were individually proposed. Method (1) was
investigated by converting the percentage of steel fibres
(%Vol.) added in UHPC to the equivalent longitudinal

steel ratio. Method (2) was adopted as a sum of two
components (V. + Vy), where V. is the concrete shear
strength of the RC members, and /'y is the contribution
of UHPC. In the present calculation, for non-composite
members, the effective depth d was defined as a distance
from the extremely top compression fibre to the central
gravity of bottom longitudinal rebar. For composite
members consisted of tension UHPC layer, the d was
given as a distance from extreme compression fibre to
the centre of UHPC layer.

a) Method (1)

Method (1) was an extension of the current design
codes for RC members, ACI318 [7] and JSCE [9] to the
RC members strengthened with UHPC layer. The
strengthened RC member was assumed as an equivalent
RC member throughout the section by considering the
contribution of steel fibres in UHPC to the equivalent
longitudinal rebar. The equivalent steel ratio, p, was then
given by:

P =Pst Pegr (6)
where p; is the longitudinal steel ratio of the members
and peq r 1s the equivalent ratio of the steel fibres.

The py is given as:

A
== 7
Py (7
where A4 is the area of longitudinal rebar in the members;
d is the effective depth; and b, is the width of the
specimen sections.
The effective depth, d, was assumed as:

h
d=h0+7‘f (8)

where 4. is the height of RC members; and /Ay is the
thickness of UHPC.
The pegr is given as:

Peq.r = %Vol{@J(—A”””CJ ©)

y RC

where the tensile stress of UHPC f;, = 0.3(f".)%* was used
where 1. is the compressive strength of UHPC in MPa;

f is the yield strength of longitudinal rebar; Aynpc and

Arc are the area of UHPC and RC member, respectively,
where Ayupc = bwxhy, and Agrc = byxd. %Vol. is the
percentage of steel fibres.

Therefore, expressions of the nominal shear
strength of RC members strengthened with UHPC layer,
Vuov, can be written as follows:

o Modification of ACI318

Vyor :[0.16,1\/7;+17(p5 +peq’F)VM”—d]bwd (10)

where 1 is the reduction factor; /. (in MPa) is the
compressive strength of NSC; p; is the longitudinal ratio;
V. is the shear force; M, is the moment at section; d is
the effective depth (Eq. (8)); and b,, is the web width.
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. Modification of JSCE

ﬂ ﬂ Ianvc de
Vn,ovz—d . P d (11)
b

Frea =02 fug

1000
Al

ﬂp = 3\’100(1)\/ +peq,F)

where fyca < 0.72 MPa
where ;< 1.5

where f, < 1.5

2M, .

B, =1+=—2 (N, >0) wheref,<2
ud

ﬁn=1+j‘f\[4° (N, <0) where ,>0
ud

where N’ is the design axial compressive force; M,q is
the flexural capacity without consideration of axial
force; M, is the flexural moment necessary to cancel
stress due to axial force at extreme tension fibre; b,, is
the web width; d (in mm) is the effective depth (Eq. (8));
pv s the reinforcing bar ratio (p, = A/ (bwd)); peq ris given
by Eq. (9); 4; is the area of tension reinforcement; f”cq
(in MPa) is the design compressive strength of NSC; and
yp is the factor (suggested value is y, = 1.3).

b) Method (2)

In this Method (2), each of the components, V. and
Vu, was assumed to contribute in shear resistance of the
strengthened RC members, independently. The shear
strength of the RC members, V., were calculated using
the current design standards for the RC members. For the
contribution of UHPC, Vy, the design guideline, ACI544
[8] was adopted.

The calculation in this method was based on a
simple assumption that the RC members strengthened
with UHPC layer was considered as two independent
parts (NSC and UHPC) and simultaneously reached their
ultimate shear strengths at the same time. Even though
this assumption may not correspond to the shear patterns
of the actual tests on UHPC layer of the slabs and the
strain of the two materials at the maximum strength
would be different, but for simplicity and for comparison

with the other method, this assumption was adopted.
The formulations of nominal shear strength, V,, or,
are then summarised as follows:

Vn,()V = VC,ACBIS + VU,AC1544 (12)

where Ve aci318 was obtained by Eq. (3) for RC member.
In Eq. (3), 4 is the reduction factor; f”. (in MPa) is the
compressive strength of NSC; p; is the longitudinal ratio;
V. is the shear force; M, is the moment at section of the
member; d is the effective depth (d = 74 mm); and b,, is
the web width. For UHPC layer, Vy acisas Was given as:

2 d 025
VU,ACIS44 = g ﬁ (aj bwd (13)

where the tensile strength of UHPC, f., was taken as
0.3(f’)* where f . is the compressive strength of UHPC
in MPa, and the effective depth of UHPC layer, d, was
assumed as A¢/2. a is the distance from the pointing load
to the support; and b, is the web width; and Ay is the
thickness of UHPC.

4.3 PREDICTION RESULTS AND VERIFICATION

Table 4 shows the comparison between predicted
and experimental results for the RC slabs strengthened
with UHPC layer. The shear strength prediction was
evaluated through investigation on the mean and
coefficient of variation (COV) of Vi, exp/ Vi, or ratios. Vi, exp
is the maximum shear force experimentally obtained as
Viexp = Pu/2 where P, is the ultimate load; and V, oy is
the predicted nominal shear force (Section 4.2).

The shear capacity predicted based on the
modification of ACI318 (Eq. (10)) and JSCE (Eq. (11))
of Method (1) showed a good prediction with the mean
Vi,exp! Viovratio of 1.18 and 1.25, and COV of 18.8% and
14.6%, respectively. Meanwhile, Method (2) (Eq. (12))
gave a fair accuracy with the mean V), .,/ V5,0 and COV
of 1.31 and 15.9%, respectively.

Fig. 5 shows the comparison between predicted
nominal shear strength (V,,0r) and test results (Vi exp)-
From the figure, all design formulations provided good
data points following the target line which represents
Viov = Vnep and showing safe predictions as depicted
below the target line.

Table 4 Comparison between predicted and test results

Experiment Predicted shear strength
Method (1) Method (1) Method (2)
. Viexp Failure Eq. (10) Eq. (11) Eq. (12)
SpeCImen (kN) mode Vn,OV Vn,exp/ Vn,OV Vn,OV Vn,exp/ Vn,OV Vn,OV Vn,exp/ Vn,OV

(kN) ratio (kN) ratio (kN) ratio

RE-0 30.54 Shear 19.45 1.57 19.83 1.54 19.45 1.57

OV-25 36.78 Shear 31.98 1.15 31.17 1.18 27.65 1.33

OV-25a 38.98 Shear 34.50 1.13 33.32 1.17 27.65 1.41

OV-50 38.99 Shear 38.23 1.02 36.78 1.06 38.60 1.01

OV-50a 47.53 Shear 41.33 1.15 36.84 1.29 38.64 1.23

Mean 1.18 1.25 1.31
Cov 18.8% 14.6% 15.9%
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Fig. 5 Comparison between predicted shear
capacity and test results

5. CONCLUSIONS

Methods for predicting the shear capacity of RC
members strengthened with UHPC overlay based on the
existing design codes were presented. The shear capacity
of the RC slabs strengthened with four UHPC
configurations at the tensile zone were verified with
experimental results.

From the assessments conducted in this study, the
following conclusions could be made:

(1) The proposed modification of the existing design
models for the strengthened slabs showed mean
Vi,exp! Viov ratio and COV ranged from 1.18 to 1.31
and 14.6% to 18.8%, respectively.

(2) This study demonstrated a promising result in
prediction of the shear strength for the UHPC layer
strengthened RC  slabs. However, further
improvement considering the mechanical bond
effect at UHPC-NSC interface should be conducted
in the future.

ACKNOWLEDGEMENT

The authors acknowledge the supports of
Structural Design Laboratory of Hokkaido University.

REFERENCES

[1]  Noshiravani, T., and Brithwiler, E., "Experimental
Investigation on  Reinforced  Ultra-High-
Performance Fiber-Reinforced Concrete
Composite Beams Subjected to Combined
Bending and Shear", ACI Structural Journal, Vol.
110, No. 2, 2013, pp. 251-261.

[2]  Graybeal, B.A., "Characterization of the Behavior
of Ultra-High Performance Concrete", PhD
Thesis, University of Maryland, USA, 2005.

[3] Briihwiler, E., and Denarie, E., "Rehabilitation of
concrete structures using ultra-high performance
fibre reinforced concrete", in UHPC-2008: The
Second International Symposium on Ultra High
Performance Concrete, 2008, pp. 05-07.

[4] Wille, K., El-Tawil, S., and Naaman, A.,
"Properties of Strain Hardening Ultra High
Performance Fiber Reinforced Concrete (UHP-
FRC) under Direct Tensile Loading", Cement and
Concrete Composites, Vol. 48, 2014, pp. 53-66.

[5] Yin, H., Teo, W., and Shirai, K., "Experimental
Investigation on the Behaviour of Reinforced
Concrete Slabs Strengthened with Ultra-High
Performance Concrete", Construction and
Building Materials, Vol. 155, 2017, pp. 463-474.

[6] Noshiravani, T., and Brithwiler, E., "Analytical
Model for Predicting Response and Flexure-
Shear Resistance of Composite Beams
Combining Reinforced Ultrahigh Performance
Fiber-Reinforced Concrete and Reinforced
Concrete", Journal of Structural Engineering, Vol.
140, No. 6, 2013.

[7] ACI Committee, "Building Code Requirements
for Structural Concrete (ACI 318-08) and
Commentary”, American Concrete Institute, 2008.

[8] ACI Committee 544, "Design Considerations for
Steel Fiber Reinforced Concrete", ACI Structural
Journal, 1988.

[91 JSCE Guidelines for Concrete, "Standard
specifications for concrete structures - 2007 -
"Design"", No. 15, 2007.

- 1248 -



