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Abstract: Most of the provisions for concrete structural walls in ACI 369.1-17 were developed in the late
1990s based on limited experimental data and judgement for FEMA-273 (1997a) and FEMA-274 (1997b).
The only exception being the modeling parameters and acceptance criteria of shear-controlled walls, which
were updated for the ASCE/SEI 41-06 Supplement 1. As a result, the wall provisions tend to be, in many
cases, inaccurate and conservative. Currently, shear-friction-controlled walls are currently treated as force-
controlled components (actions), which is overly conservative since shear-friction mechanism in walls tends
to be a relatively ductile action and thus can produce uneconomical retrofit schemes. This is primarily due to
lack of experimental data to develop appropriate provisions for these walls. To address this issue, this study
involves utilizing available experimental data and new information on performance of structural walls to first
study various issues related to shear-friction-controlled walls and propose updated modeling parameters and
acceptance criteria for shear-friction-controlled walls that will produce improved seismic assessments of wall
buildings. Due to limited space, only shear-friction strength related results are presented.

1 Introduction

The concept of shear-friction strength was originally developed in the 1960s (Birkeland and Birkeland, 1966;
Hofbeck et al., 1969) to evaluate shear transfer across a concrete-to-concrete interface crossed by
reinforcement perpendicular to the interface. The concept has been further studied over the years (Mattock,
1976 and 1977; Kahn and Mitchell, 2002). These studies indicate that shear-friction (interface) strength
results from: (a) cohesion between particles (direct bearing of asperities and aggregate interlock), (2) friction
between concrete parts or crack faces (ACI 318 approach), and (3) dowel action of the reinforcement
crossing the interface (to a minor extent). ACI 318 first adopted shear-friction provisions in 1971 based on
the work of Hofbeck et al. (1969). The ACI 318 approach for shear-friction strength (ACI 318-19 Section
22.9.4), which is given by Eqg. 3-1, only considers the contribution of friction between concrete surfaces,
where Ay is the area of reinforcement crossing the sliding interface, f, is the design yield strength of the
reinforcement, u is the coefficient of friction accordance with Table 1 (ACI 318-14 Table 22.9.4.2), and P is
the sustained axial load on the sliding interface if present. In ACI 318-19 Table 22.9.4.2, reproduced as
Table 1, the interface type significantly impacts shear-friction strength (strength changes by a factor of 2.33).
Cold joints that meet ACI 318 roughness definition (1/4 in. amplitudes) are treated as 1.67 times stronger
than their “smooth” counterparts. Monolithic interfaces are treated as 2.33 times stronger than their “smooth”
counterparts. As shown Table 1, upper-bound limits are applied primarily due the lack of sufficient data when
these provisions were adopted.

Vo = u(Aysfy + P) (Eq. 1)
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Table 1. Shear-friction coefficients and strength upper-bounds of ACI 318-19

Interface Type Il Maximum shear-friction strength, Vp max
Monolithic (concrete to concrete) 1.4 For normal-weight concrete (monolithic or roughened):
Roughened (concrete to concrete) 1.0x 0.2fcpAc

- Least of < (480 + 0.08f/5)A.
Concrete placed against hardened 0604 16004,

concrete not roughened intentionally
Concrete anchored to an as-rolled
structural still by headed studs or by | 0.70 » | Lesser of {
reinforcing bars
Note: f is the design concrete compressive strength, u is the coefficient of friction, Ac is the area of concrete section
resisting shear transfer, and | is the modification factor to reflect the reduced mechanical properties of lightweight
concrete relative to normalweight concrete of the same compressive strength.

For all other cases:
O.ZfC’EAC}
8004,

One of the principal limitations of the ACI 318 approach for shear-friction strength, as it applies to concrete
walls, is that this approach was developed and verified using results from “push-off” tests under primarily
monotonic loading. Under earthquake loading, wall interfaces are typically subjected to cyclic moments,
shears, and axial loads and the contributions of direct bearing of asperities and reinforcement dowel action
are likely reduced under these conditions. Mattock (1977) concluded that repeated cyclic loading degrades
shear-friction resistance to roughly 80% of monotonic strength.
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Figure 1. Push-off test setups used to study shear-friction strength (Mattock, 1976; 1977).

The ASCE/SEI 41 standard (and other similar standards or guidelines, e.g., ACI 369 standard) represents a
major advance in structural and earthquake engineering to address the seismic hazards posed by existing
buildings and mitigate those hazards through retrofit. For nonlinear seismic evaluation of existing buildings,
these standards provide modeling parameters (e.g., effective stiffness values, deformation capacities, and
strengths) to construct backbone relations, as well as acceptance criteria to determine the adequacy. The
modeling parameters and acceptance criteria for structural concrete walls were developed based on limited
experimental data and knowledge available in the late 1990s (FEMA 273/274-1997), with minor revisions
since. As a result, the wall provisions tend to be, in many cases, inaccurate and conservative. Currently,
shear-friction-controlled walls are currently treated as force-controlled components (actions), which is overly
conservative since shear-friction mechanism in walls tends to be a relatively ductile action and thus can
produce uneconomical retrofit schemes. This is primarily due to lack of experimental data to develop
appropriate provisions for these walls. To address this issue, this study involves utilizing available
experimental data and new information on performance of structural walls to first study various issues related
to shear-friction-controlled walls and propose updated shear-friction strength relations that will produce
improved seismic assessments of wall buildings. To accomplish these objectives, a recently developed
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comprehensive wall database (Abdullah, 2019) was utilized, which currently contains detailed information
and test results from more than 1100 wall tests surveyed from more than 260 programs reported in literature.

2 Wall Test Database

The main database (Abdullah, 2019) was filtered to obtain a dataset of 71 shear-friction-controlled walls
tested under quasi-static, reversed cyclic loading protocols. The dataset includes walls with different cross-
section shapes: 58 rectangular, six barbell, five H-shaped, and two L-shaped. Furthermore, the dataset
includes walls with different interface conditions at the foundation level or above: cold untreated interfaces
(joints), monolithic interfaces, roughened interfaces, and interfaces treated with sealing agents. Similar to the
shear-controlled wall dataset, no detailing criteria were applied in filtering to the dataset, because detailing
variables such as area of boundary transverse reinforcement (Aq,), slenderness ratio of boundary
longitudinal bars (s/dyp), and spacing between laterally supported boundary longitudinal bars (h,) are not
typically relevant for shear-friction-controlled walls, i.e., there are no limits placed on these variables in ACI
318-19. The walls in the dataset had shear span ratio (M/Vl,) ranging between 0.33 to 0.95. Most of the
walls in the dataset had no additional applied axial load, whereas for the walls with applied axial load, the
axial load did not exceed 0.1A4f".

3 Background of Wall Shear-Friction Strength

3.1 Influence of Cyclic Loading on Shear-Friction Strength

The information provided in this subsection is based on content in Paulay et al. (1982). For concrete walls
subjected to earthquake cyclic demands imparting relatively large flexural cracking, most of the shear force
is transmitted across the flexural compression zone (prior to sliding), as shown in Figure 2(a). Once the load
reverses, cracks form across the previous flexural compression zone (Figure 2b). Until the base moment
reaches a level sufficient to yield these bars in compression (close the gap), a wide, continuous crack
develops along the foundation-wall interface, and large horizontal shear displacements could occur at this
stage of the response. Along this crack, shear is transferred primarily by dowel action of the vertical
reinforcement. The wall continues to slide until the compression reinforcement yields, leading to closing of
the crack at the compression end of the wall and allowing flexural compression stresses to also be
transmitted by the concrete (Figure 2c). As a result of the sliding that occurred during this load reversal, the
compression in the flexural compression zone is transmitted by uneven bearing across crack surfaces, which
reduces both strength and stiffness of the aggregate interlock mechanism along the interface. After a few
cycles of reversed loading, sliding displacement can occur along flexural cracks that interconnect and form a
continuous, approximately horizontal shear path. At the base of a shear wall, where continuous cracking is
likely to be initiated by a construction joint, bending moments also need to be transferred. Consequently,
shear transfer along the critical sliding plane is then restricted to the vertical wall reinforcement and flexural
compression zone where cyclic opening and closure of cracks will take place. This sliding behavior is quite
different than that observed from push-off tests.
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Figure 2. Development of the sliding shear mechanism (Paulay et al., 1982).

3.2 Influence of Interface Condition on Shear-Friction Strength

Per ACI 318-19, the interface surface condition significantly influences the shear-friction strength. However,
the test results reviewed (and discussed later), demonstrate that shear-friction coefficients at concrete
interfaces transferring cyclic shear and moment demands are not significantly influenced by the type of the
interface. Such interfaces exhibit shear-friction coefficients at the lower end of values specified in ACI 318-19
Section 22.9.4.2. Figure 3(a) presents results isolating the role of interface conditions on shear-friction
strength and deformation from a series of wall tests with different interface conditions and longitudinal
reinforcement layouts.
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Test results reported by Anoda (2014) and shown in Figure 3(a) indicate that, according to ACI 318-19, wall
W1-M is expected to be 2.33 times stronger than walls W1-Js and W2-J. However, test results show that
shear-friction strength was similar for a monolithic connection or a cold joint. It is postulated that during the
first cycle prior to any sliding occurring, flexural cracks form at a monolithically cast interface, changing the
interface from being monolithic to a cracked interface. Figure 3(a) also suggests that the longitudinal
reinforcement layout in the wall section (uniform distribution vs. concentrated at boundaries) does not have a
clear impact on shear friction strength.

Similarly, Figure 3(b) shows test results from three identical wall specimens with different interface conditions
(Baek et al., 2020), and indicates that walls H0.330R and H0.330G with roughened or monolithic interfaces
are only about 20% stronger than H0.330U with an interface that is not intentionally roughened. These tests
indicate a coefficient of friction of roughly 0.70 for roughened and monolithic interfaces versus 0.60 for an
untreated interface. This modest increase of strength observed for walls H0.330R and HO0.330G in Figure
3(b) is presumably because these walls have smaller aspect ratios than walls in Figure 3(a) (0.33 vs. 0.56),
which means less flexural demands and cracking for walls in Figure 3(b), resulting in more noticeable effect
of interface type. The shorter the aspect ratio of the wall, the closer it is to a push-off test condition shown in
Figure 1, which was used to develop the coefficients of friction in ACI 318. Figure 3(b) also suggests that
failure of roughened and grooved interfaces involves some web crushing at the sliding interface, resulting in
reduced ductility.
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Figure 3. Influence of interface roughness on behavior of shear-friction-controlled walls (Anoda, 2014).

3.3 Influence of Flanges on Shear-Friction Strength

In ACI 318-19, it is not clear whether the longitudinal reinforcement in wall flanges should be consisted in the
calculation of shear-friction strength, such that the contribution of longitudinal reinforcement in the flanges is
often ignored. However, recent test results suggest that longitudinal bars in wall flanges contribute to shear-
friction resistance and should be considered (Kim and Park, 2020; Baek et al., 2020). Figure 4(a) indicates
that presence of flanges with vertical reinforcement significantly increases the shear-sliding resistance of
walls (40% and 87% increase in the negative and positive directions of loading, respectively). Figure 4(b)
presents results from three walls with the same web but different cross-section shapes and indicates that
longitudinal bars in flanges significantly increase shear-sliding resistance. For the H-shaped wall shown in
Figure 4(b), it is reported that shear-sliding was limited until diagonal tension cracking through the thickness
of the flanges occurred, which was followed by a large slip at the wall-foundation interface; indicating that the
flanges restrained shear sliding of the wall web. For the T-shaped wall, when the flange is in tension, sliding
resistance is higher partly due to larger compression zone (large neutral axis depth), whereas this effect is
not as significant when the flange is in compression (smaller depth of neutral axis).
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Figure 4. Influence of flanges on behawor of shear friction-controlled wall tests (Baek et al., 2020).

3.4 Influence of Dowels on Shear-Friction Strength

When shear-friction resistance along an interface is not sufficient to resist shear demands, it is common
practice to provide dowels crossing the interface with sufficient development length on both sides of the
interface. However, test results (Wasiewicz, 1988; Baek et al., 2018) show that it is possible for the failure
plane to shift to the end of the dowel bars, as shown in Figure 5. These results suggest that shear-friction
strength should be evaluated at all possible failure planes along the wall or wall segment height, i.e., at the
cold joint and at the plane where the dowels end. An appropriate backbone curve to model shear sliding
should be located at each potential sliding plane unless the weaker plane can be identified a priori.
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Flgure 5. Influence of dowels on changing the Iocat|on of slldlng failure plane (WaS|eW|cz 1988)

3.5 Influence of Reinforcement Grade on Shear-Friction Strength

Figure 6 shows results from two identical wall tests with roughened interfaces where reinforcement with
different yield strength was used across the interface. Nominal yield strengths, f,, were 400 MPa (~58 ksi)
and 600 MPa (87 ksi). Test results indicate that, for interfaces with both steel grades, the measured shear-
friction strength was lower than predicted by ACI 318-19, which is denoted as V¢ in the plots. This is results
is observed despite ACI 318-19 Table 20.2.2.4(a) limiting yield strength of shear-friction reinforcement to 420
MPa (60 ksi). This limit is apparent in Figure 6 because the shear-friction strengths for the two walls are
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identical. Further, test results shown in Figure 7 indicate that, at peak strength, limited yielding of
reinforcement crossing the shear friction plane is observed. This result is at odds with the ACI 318-19
assumption (Eqg. 1) that all shear-friction bars yield [up to 420 MPa (60 ksi)] when the peak load is reached.
Use of higher strength steel for shear friction is permitted by other codes, e.g., Grade 500 MPa (72.5 ksi) in
CSA A23.3-04 and KCI 2012, and Grade 600 MPa (87 ksi) in Eurocode 2, Eurocode 8, and fib Model Code
2010.
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Figure 7. Measured longitudinal reinforcement strains at wall-foundation interface of a shear-friction-
controlled wall test (Beak et al., 2017).

The influence of reinforcement yield strength (steel grade) on shear-friction strength was also investigated
using the dataset of 71 wall tests. The results presented in Figure 8 represent measured values of
reinforcement yield strength, f,e, which ranges from 300 MPa (40 ksi) to 675 MPa (98 ksi). Results shown in
Figure 3-10 present shear-friction strength predictions using the ACI 318-19 shear-friction equation, where
Veyrwause 1S determined from Eq. 1 with expected material properties (f'cg, f,e) and without applying the limit
on f,e and using p = 0.6, regardless of the interface type. The figure indicates higher ratios of predicted-to-
experimental shear-friction strengths for walls with high strength longitudinal bars (f,e 2 480 MPa, 70 ksi).
This is likely because larger strains are required to reach bar yield, potentially requiring a larger separation at
the interface when yield strains are reached. This result suggests that either: (a) a lower u should be used for
higher grades of bars, or (b) reinforcement yield strength should be limited, similar to what is used in ACI
318-19. To address this issue, limiting the expected yield strength of reinforcement (fyg) used for shear-
friction resistance to 517 MPa (75 ksi) is proposed. This limit is similar to that used in CSA A23.3-04 and KCI
2012 [i.e., Grade 500 MPa (72.5 ksi)].
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Figure 8. Impact of measured yield strength of longitudinal bars on shear-friction strength (1 MPa = 145 psi).

3.6 Evaluation of ACI 318-19 Provisions

As noted previously, the provisions of ACI 318-19 for shear-friction strength were developed primarily based
on results from “push-off’ tests under monotonic loading protocols, which differ from wall loading conditions
under earthquake demands. Figure 9 compares the measured peak shear friction strength (Vg test) from the-
71 wall dataset with the ACI 318-19 limits. As was shown in Table 1, ACI 318-19 includes limits on shear-
friction strength. In particular, the 5.5-MPa (800-psi) limit on shear-friction stress for “smooth” cold joints was
introduced in ACI 318-71 and has not been revised since. The limited results presented in Figure 9, however,
indicate that this 5.5-MPa (800-psi) limit may not be justified by experimental evidence, and thus it is
recommended to be removed. Further, Figure 9 suggests that the effect of concrete strength on shear-
friction strength is not clear, and that the 0.2f A, limit for untreated (smooth) interfaces seems to
reasonably envelope the data (and thus it is retained here).

Figure 10 shows the variation of measured peak shear friction strength (Ve est) from the 71-wall dataset and
the ACI 318-19 approach (with assumed p= 0.6 for all interfaces) versus clamping stress due to longitudinal
bars (pfye) and axial load (P/A.). Again, the limited results presented in Figure 10 suggest that the 5.5-MPa
(800-psi) upper limit underestimates shear-friction strength significantly for high strength concrete, and that
Eq. 1 with u= 0.6, regardless of the interface type, generally underestimates peak shear-friction strength.
The walls with monolithic and roughened interfaces are either on or above the solid line (Eqg. 1) in Figure 10,
whereas walls with untreated interfaces straddle above and below the solid line, with majority of the data
above the line. Moreover, it can be observed from Figure 10 that the type of joint/interface has only a slight-
to-moderate influence on peak shear-friction resistance. These results reinforce the earlier observation that
the ACI 318-19 values for coefficient of frictions (u) for roughened and monolithic interfaces over-estimate
the shear-friction strength of concrete walls.
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Figure 9. Comparison of measured peak shear friction strength (Ve est) With the ACI 318-19 limits in Table 1.
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4 Proposed Wall Shear-Friction Strengths

In this section, strength relations for each point on the backbone curve (yield at point B, peak at point C, and
residual at point D) are discussed (Figure 11). For each strength, the impact of several variables was
investigated; however, only the most relevant variables are discussed here for brevity. It should be noted that
the shear-friction strength equations produced are calibrated for walls and wall segments interfaces
subjected to reversed cyclic moment and shear. They are not intended for interfaces with differing boundary
conditions such as the vertical interface plane between slab and wall.
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Figure 11. Idealized backbone relations to model translational behavior of shear-friction-controlled walls.

4.1 Yield Strength

Analysis of the 71-wall dataset, indicated that, yield shear-friction strength (Vs «est) iS Significantly influenced
by the wall flexural demand (Figure 8), expressed by either the ratio of shear-friction strength to shear
demand at flexural yield (Vey rwause/Vmcypr), OF shear span to length ratio (M/VI,), as highlighted in Figure 12.
Walls with significant flexural yielding and cracking (i.e., high Ve, rwause /Vucype OF MIVL,) have lower yield
shear-friction strength than walls with limited flexural yielding. Figure 12 also indicates that a modified ACI
318-19 Equation with no upper stress limit and p = 0.6, results in a mean predicted-to-experimental yield
strength ratio of 1.00 and a coefficient of variation of 0.26.

Similarly, to shear- and flexure-controlled walls, the approach taken here was to develop an equation for
yield shear-friction strength with a mean of predicted-to-tested values of 1.0 and then apply an amplification
factor to obtain peak shear-friction strength.

Based on these results, a new equation is proposed for shear-friction strength at yielding, which corresponds
to Point B on the proposed backbone in Figure 11. The expression is given by Eq. 2.

25 - lew) VCnyallSE Eq 2

VnyWauE = ( oV MCyDE
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Where Vgywaur Should not be taken greater than 1.8 Ve, ryqusg OF smaller than 0.8 Vey rwause -

Veyrwanse = H(Avsfype + Nyg) < 0.2f5A,

Where u is the coefficient of shear friction and is taken as 0.7 for concrete cast monolithically or placed
against hardened concrete that is intentionally roughened to a full amplitude of approximately 1/4 in, and 0.6
for concrete placed against hardened concrete that is not intentionally roughened, and Nyg is the member
gravity axial force. These proposed y values are based on the discussion provided in Section 3.3.2. Shear-
friction strength should be evaluated at all possible failure planes along a wall or wall segment height, such
as weak interfaces located at the end of dowel bars, at an existing or potential crack, at an interface between
dissimilar materials, or at an interface between two concretes cast at different times. It is possible that a
construction joint at the foundation-wall interface with dowel bars (u = 0.6) is stronger than a monolithic
interface (v = 0.7) at the end of the dowel bars. In Eq 3-2, the expected yield strength of shear friction
reinforcement, f,, should be reduced if the development length is insufficient to develop f,& and should not
be taken greater than 517 MPa (75 ksi). For flanged wall sections, the reinforcing steel crossing the interface,
including the reinforcement within the effective flange width defined in ACI 318-19, should be included in A4,,.
Eq. 2 and Eq. 3 assume that reinforcement is normal to the interface. For inclined reinforcement,
adjustments to the equation should be made as provided in ACI 318-19.

Eqg. 3

Figure 13 presents results using the yield strength model (Eqg. 2) with the experimental data from the dataset
and demonstrates that the model matches the experimental data fairly well, with a mean of 1.0 and a
coefficient of variation of 0.17.

As a simplified approach to Eq. 2, Eq. 3 can be used. Use of this simplified expression results in increased
dispersions (coefficient of variation of ~0.27) compared to Eq. 2.
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Figure 13. Comparison of estimated and tested yield shear-friction strengths: (a) comparison of model with
data, and (b) statistics of the ratio of predicted-to-tested yield strength.
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4.2 Peak Strength

Review of the peak strength data in the 71-wall dataset revealed that there is modest hardening from yield to
peak strength. Figure 13(a) and Figure 14 show that, on average, peak strength is about 10% higher than
yield strength (Vsipeax = 1.10 Veyrwansg)- Therefore, it is proposed that peak strength at Point C on the
backbone be taken as 1.1 times yield strength at point B, which is the same factor used for shear-controlled
walls.

| [ ] |
. I S o
(3 S S - |STDV =0.23 i
@) 1 ]cov=025 by 1 |cov=02s
0.0 u||i|||i|||i|u|i|||i||||||||||| 0.0 Illilllilllilllill|Ill|ll|
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Figure 14. Variation of the ratio of estimated (Eq. 1) to tested shear-friction yield strengths as a function of:
(@) Veyswause/Vucype and (b) M/V,,.

4.3 Residual Strength

Generally, shear-friction-controlled walls have larger residual strength than flexure- or shear-controlled walls.
On average, the residual strength of the wall tests in the 71-wall dataset is roughly 0.6 of their yield strength,
as shown in Figure 15. Figure 15(a) shows a slight correlation of residual strength with Ve, cwause /Vmcype:
whereas Figure 15(b) shows that there is a significant correlation of residual strength with clamping stress
and type of interface. For roughened and monolithic interfaces, the residual strength is lower because, as
was noted from Figure 3(b), failure of roughened and grooved/monolithic interfaces involves moderate to
significant concrete crushing at the sliding interface, depending on the level of clamping force on the
interface, leading to faster degradation of strength once lateral strength loss initiates. Given the uncertainly
and dispersion in the data, it is proposed to take the residual strength as 0.5 and 0.6 of yield strength for
monolithic/roughened and untreated interfaces, respectively.
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Figure 15. Variation of measured residual strength to yield strength as function of: () V¢y rwause/Vmcypr @and
(b) clamping stress.
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5 Conclusions

This study involves utilizing available experimental data from 71 wall tests and new information on
performance of structural walls to develop MPs and AC for seismic evaluation and retrofit of shear-friction-
controlled reinforced concrete walls. Based on the results, the following conclusions are reached:

1. The ACI 318-19 approach for shear-friction strength developed from “push-off’ tests under primarily
monotonic loading, does not capture the shear-friction strength at interfaces undergoing inelastic cyclic
loading. Under cyclic loading, the contributions of direct bearing of asperities and reinforcement dowel
action are both reduced.

2. The ACI 318-19 coefficients of friction (n) for roughened and monolithic interfaces tend to over-predict
the shear-friction strength for concrete wall interfaces subjected to cyclic loading. The interface surface
condition does not influence shear-friction strength as significantly as implied by ACI 318-19, possibly
because the cyclic moment and shear loading opens interface cracks and weakens the transfer
mechanism reducing the coefficient of friction to the lower values in ACI 318-19, regardless of interface
treatment. Cycled interfaces exhibit shear-friction coefficients on the lower end of values given in ACI
318-19, with p = 0.7 or 0.6 for roughened/monolithic and untreated interfaces, respectively.

3. Shear-friction yield strength relations are proposed that modify the ACI 318-19 shear-friction equation
with reduced friction coefficients and introducing the effects of the ratio of shear-friction strength to shear
demand at flexural yielding (Veyrwause/Vucypr)- Interfaces with larger flexural demands are given
reduced shear-friction strength.

4. Despite the proposed low coefficients of friction for interfaces sustaining cyclic loading, interfaces with
relatively low moment demands can see their shear friction strengths increase beyond values provided
by ACI 318-19.

5. Longitudinal bars in flanges are found to contribute to shear-friction resistance and should be considered
in the calculation of shear-friction strength.

6. At peak strength, limited reinforcement yielding occurs in the web, regardless of the reinforcement grade.
For high strength bars, a larger separation at the interface is needed for the bars to reach yield and to
mobilize the full bar yield strength. Thus, it is proposed that the useable yield strength of reinforcement
resisting shear-friction be limited to 517 MPa (75 ksi).

7. Test results indicate that it is possible for the shear-sliding failure plane to shift to the end of wall dowel
bars, where the steel area is reduced, and monolithic concrete conditions exist.

8. ACI 318-19 includes limits on friction strength, which are mostly due to lack of experimental data. In
particular, the 5.5-MPa (800-psi) limit for “smooth” cold interfaces was introduced in the ACI 318-71
edition and has not been revised since. Results presented indicate that this limit may not be justified by
experimental evidence, and thus it is recommended to be removed. The results also revealed that the
effect of concrete strength on shear-friction strength is not clear, and that the 0.2, A., limit for untreated
(smooth) interfaces seems to well envelope the data, and thus it is recommended to be retained.

9. Review of the peak strength data in the database revealed that there is roughly 10% hardening from
yield strength to peak strength.
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