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ABSTRACT:

Alkali-silica reaction (ASR) is one of the most damaging mechanisms affecting concrete structures
worldwide. ASR effects on the durability and serviceability of damaged concrete are widely
known and fairly well understood. However, the structural implications are still unclear, and a
number of contradictory data are found in the literature, especially regarding shear behavior. The
influence of ASR distressed reinforced concrete on aggregate interlock is presented in this paper.
Push-off specimens having different reinforcement ratios were fabricated with ASR reactive
coarse aggregates. The specimens were monitored over time and displayed different levels of
expansion. Results indicated that ASR-induced expansion and damage were affected by the
reinforcement ratio. However, little to no aggregate interlock reduction was observed on ASR-
affected specimens up to moderate expansion levels. It was found that there were two controlling
and competing mechanisms that affected aggregate interlock for ASR-affected specimens: the
beneficial effects of chemical prestressing and the detrimental ASR-induced damage.

Key words: Aggregate interlock, Alkali-Silica Reaction (ASR), Shear behavior, Push-off test,
Expansion.

1 INTRODUCTION

Alkali-silica reaction (ASR) is known as one of the most deleterious damage mechanisms for
concrete. ASR is a chemical reaction between the alkali hydroxides from the concrete pore solution
and some reactive siliceous phases from the aggregates [1-3]. ASR generates a product, the so
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called alkali-silica gel, that swells in the presence of water, causing cracking and distress, which
directly influences the concrete mechanical properties, especially the tensile strength and modulus
of elasticity [1-3]. ASR effects on the durability and serviceability of affected concrete is widely
known, while the structural implications on the long-term behavior is still unclear and a number
of contradictory data are found in the literature, especially regarding the shear behavior of

reinforced concrete elements affected by ASR.

1.1 Influence of ASR on the mechanical properties of affected concrete

Previous investigations have demonstrated that ASR has different effects on the mechanical
properties of concrete such as the compressive strength, the tensile strength and the modulus of
elasticity [4, 5]. Severe reduction in the tensile strength and the modulus of elasticity have been
reported in literature while the compressive strength loss is typically less [4, 6]. These losses of
tensile strength and modulus of elasticity at lower expansion levels seem to be linked to the
formation of cracks within the aggregate particles. For higher levels of expansion, progression and
interconnection of cracks within the cement paste seem to result in significant losses in the concrete

compressive strength as well [1].

1.2 Influence of ASR on the structural behavior of affected structural members

Aspects of behavior of ASR affected structural elements that need further studies include:
influence of cracking, loss of tensile and compressive strengths, loss of stiffness, influence of
confinement effects (i.e., reinforcement ratio, external restraint), bond deterioration, aggregate
interlock and the shear strength. It is well known that aggregate interlock has a strong influence
on the shear strength (Figure 1). The concrete contribution to shear strength is due to both the
tensile stresses in the diagonally cracked concrete and the aggregate interlock at the diagonal
cracks [7-11]. This paper aims to understand the influence of ASR on aggregate interlock.
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Figure 1: (a) Diagonal crack due to shear in reinforced concrete member and (b) close up of

aggregate interlock at a crack
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1.3 Aaqagregate interlock in reinforced concrete

Typically, push-off specimens with embedded stirrups (Figure 2a) are used to investigate

aggregate interlock since the shear stress carry by this mechanism can be easily related to the crack

width, w, and slip, &, and the normal pressure at the crack interface, f;. By subtracting the

dowel action of the stirrups from the total shear, V , the shear stress due to aggregate interlock, v

, can be determined as follows:

Vi = % —PVy (1)

Where v, is the shear stress in the reinforcement, A, is the shear plane area and p is the

reinforcement ratio. The normal pressure at the crack interface, f., can be determined from the

ci?

stirrups axial stress, f, as follows:

fq = pf, (2)
Walraven [12] carried out a large number of push-off tests (Figure 2a) and proposed an aggregate
interlock model (Figure 2b). As illustrated in Figure 1b, aggregate interlock mechanism comes
from the micro-roughened contact between the aggregate particles and the cement paste. The
opening, W, and sliding, ¢, of a crack causes bearing of aggregates with the surrounding cement

paste (Figure 2b). This bearing results in a shear stress,v,, and a normal stress, f,, acting

ci?
perpendicularly to the crack plane. Thus, this aggregate interlock mechanism is directly related to
the size, shape, amount and mechanical characteristics (i.e., stiffness, strength, hardness) of the
coarse aggregate and cement paste as well as the amount of reinforcement crossing the crack.

Increasing the crack width, w, or reducing the aggregates size, a,, reduces the contact area

g )
between the aggregates and cement paste, which reduces the aggregate interlock. Increasing the
concrete compressive strength enhances the bearing capacity of the aggregate-cement paste

interface, which improves the aggregate interlock. However, the use of high-strength concrete
(compressive strength measured on cylinder, f', larger than 60 MPa) or concrete with weak

aggregates can significantly reduce aggregate interlock because aggregate particles may fracture
under stress at the crack [13-16].
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By assuming a rigid-plastic stress-strain relationship between the aggregates and the surrounding

material matrix, the following equations were proposed to determine the aggregate interlock shear

stress, v,;, and the resulting perpendicular stress, f, in normal strength concrete [12, 17].
v =—-0.041 +| 18w °% +(0.202w ™" ~0.25) ! |5 3)
fy =-0.06 1, +[1.35w "% +(0.242w " ~0.19) 1, | 5 4)

These equations provide a relationship between the stress v; and f;, and the displacement at
crack w and ¢ . This aggregate interlock model was validated by Walraven [12] as illustrated for
the test specimen 1/0/6.8 in Figure 2c. When aggregates particles are expected to fracture under
stress at cracks, that is for high-strength concrete or concrete with weak aggregates, Walraven et
al. [13] and fib [17] recommends reducing v,; and f_ determined from Eq. (3) and (4) by 65%.
a) g T T e
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12 Test 1/0/6.8
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Figure 2: (a) Push-off test to investigate aggregate interlock, (b) Walraven aggregate interlock
model and (c) comparison between analytical models and push-off test 1/0/6.8 carried out by
Walraven [12]

Vecchio et al. [18] proposed a simplified model to determine aggregate interlock capacity based

on the experiments carried out by Walraven [12]. This simplified model given by Eq. (5) can be
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used to determine the interface shear stress at a crack due to aggregate interlock, v ;, according to

ci?

the compressive stress across the crack interface, f., and a maximum aggregate interlock shear

ci?

capacity, v . This maximum aggregate interlock shear capacity given by Eg. (6) considers that

ci,max
a larger crack width reduces the contact area and the aggregate interlock capacity while the use of
larger aggregates increases the contact area and the aggregate interlock capacity (see Figure 2).
For high-strength concrete or concrete containing weak aggregates, the aggregates may fracture

under stress and an aggregate size of 0 mm is suggested in Eq. (6) [19].

2
v, =0.18v, ., +1.64f, —0.82f;i (%)
Y Vci,max
Voi max = JE (6)
T 0.31+24w/ (16+a, )

Figure 2c compares the prediction of one of Walraven’s test specimens using Eq. (5). This
simplified model provides a good prediction of the aggregate interlock shear stress as a function
of the crack width. Due to its simplicity and accuracy, design codes are based on the model
developed by Vecchio and Collins to determine the interface shear capacity due to aggregate

interlock in reinforced concrete members [17, 20-22].

1.4 ASR effects on concrete properties

The behavior of aggregate interlock in ASR-affected concrete is a complex phenomenon.
According to Blight et al. [23], Duthinh [24] and Yang et al. [25], ASR expansion tends to reduce
shear crack openings of damaged concrete which would result in an additional aggregate interlock
contribution. On the other hand, the reduction of concrete mechanical properties reduces the bond
and bearing capacity between the aggregates and the cement paste reducing aggregate interlock
capacity. Furthermore, it has been found that ASR might potentially cause distress within the

aggregate particles, which may result in a decrease of aggregates interlock.

According to Sanchez et al. [6] ASR crack development in plain concrete (i.e., without reinforcing
bars) under free expansion can be described in a two-step processes: a) first, crack formation
happens within the reactive aggregate particles at low expansion levels (about 0.05% expansion)
and; b) then these cracks extend into the cement paste, establishing important crack networks as

the expansion level increases. Moreover, the authors proposed a qualitative damage model that
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displays the crack types (Type A — sharp cracks; Type B — onion skin cracks) and their

development as a function of ASR expansion for plain concrete (see Figure 3).

OEOE

Low Moderate High Very high
expansion  expansion expansion expansion
(=0.05%) (=012%) (=020%) (=030%)

Figure 3: Qualitative ASR damage model as a function of expansion for plain concrete (adapted
from Sanchez et al. [6])

2 SIGNIFICANCE OF ASR EXPANSION

To the authors’ knowledge, no investigation has been carried out to investigate the influence of
ASR on aggregate interlock with direct shear tests. A number of studies were conducted to assess
the structural implications of ASR-induced expansion and damage in shear for shear critical
members (Figure 1a) [26-29]. Some experimental studies showed an increase in shear capacity as
a function of ASR development due to the so-called “chemical prestressing” mechanism (i.e.,
expansion of concrete due to ASR induces tension in the reinforcement causing compression
across the shear crack interface [29-31]). On the other hand, other experimental investigations
performed on ASR affected members (e.g., bridge decks) have demonstrated that the actual
capacity found was only about 75% of the expected non-damaged members [30, 31]. It is clear
that there is no general agreement on the effects of ASR on the shear capacity of affected members

and hence further studies are needed.

3 METHODOLOGY
To investigate the effect of ASR on aggregate interlock, direct shear tests were carried out on
reinforced concrete specimens containing highly reactive coarse aggregates. The responses of

these specimens were studied at selected expansion levels.

3.1 Details of push-off specimens

Twenty-six push-off specimens were fabricated to investigate aggregate interlock in ASR affected
concrete (see Figure 4 and Figure 5). Notches of 12.7 mm deep were made to ensure that the shear
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plane was located at the center of the specimens over a height of 300 mm (see Figure 4b). The

resulting shear plane area, A, , is equal to 52380 mm?2.

A first series of two specimens, Series “0S”, was reinforced with 10M reinforcing bars (bar

diameter, d,, of 11.3 mm and area, A, of 100 mm?) but did not contain any stirrups (specimens

not illustrated in Figure 4). These two specimens were not used for push-off tests but were used to
compare ASR-induced expansion. The other specimens were reinforced with 10M reinforcing bars
and different amounts of closed 10M stirrups across the shear plane (see Figure 4). A second series

of twelve specimens, Series “2S”, was reinforced with two 10M closed stirrups (total stirrups area,

A,, of 400 mm?), which represent a reinforcement ratio, p= A/ A, of 0.76%. A third series of
twelve specimens, Series “4S”, was reinforced with four 10M closed stirrups (A, = 800 mm?),

which represent a reinforcement ratio of 1.53%. Specimens of the series 2S and 4S were used for
push-off testing as well as for ASR expansion monitoring.

Series 2S Series 4S

Load (V) Load (V)
Reinforcing
T bars (10M)

T T
A an A—=——4
ANy gum
B I

27 ~=254 f——325—

650

[~ 30035

0=
..|‘|

’| 20

+
450—— L120

Figure 4: Push-off specimens of Series 2S and 4S with two and four stirrups, respectively

(dimensions in mm)

3.2 Materials properties

Grade 400 [32] was used for the 10M reinforcing bars (Young modulus, E,, of 200 000 MPa and
measured yield strength, f,, of 436 MPa). A 35 MPa concrete mixture enabling a fast ASR

development in the laboratory was selected for this study. The coarse aggregates ranged from 5 to
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20 mmin size (a, =20 mm in Eq. (6)). Non-reactive fine aggregate was used in combination with

a highly reactive gravel from New Mexico, USA. The concrete mixture was made with a
conventional (CSA Type GU, ASTM Type 1) high-alkali (0.88% Na»Oeq) Portland cement.
Reagent grade NaOH was used to raise the total alkali content of the mixtures to 1.25% Na2Oeq,

by cement mass, for accelerating the expansion process due to ASR. Table 1 gives the detailed

aggregate properties and Table 2 shows the concrete mix design.

Aggregate Identification Specific ]
Rock Type " Absorption | AMBT !
ravi
Type |Reactivity| Designation (location) | Reactive rock types are in bold (g/ 3); (%) 14d exp,%
g/cm
Polymictic gravel (mixed
Coarse | Reactive | New Mexico (USA) ) ) 2.53 1.59 1.114
volcanic, quartzite, chert)
Fine Non-
) Quebec (Canada) Natural derived from granite 2.71 0.54 0.032
reactive
! Accelerated Mortar bar expansion at 14 days [33].
Table 1: Aggregates properties
Materials Materials
Concrete _ (kg/m®) (L/m3)
] ] Ingredients i i
Mix design Mixtures Mixtures
NM gravel | NM gravel
Cement 370 118
Sand 714 264
Coarse
1073 424
aggregate
Components
Water 174 174
Air - 20.0
Alkalis 4.63 -
wi/c 0.47 -

Table 2: Concrete mix proportions.
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3.3 Concrete curing and ASR expansion measurement

The specimens were placed in the moist curing room immediately after casting for a 7-day curing
period, after which they were demolded. Holes, 10 mm in diameter by 65 mm long, were drilled
into each specimen (Figure 5a) and stainless steel gauge studs were installed, with fast-setting

cement slurry, to measure the expansion perpendicular to the shear plane.

Figure 5: (a) Push-off specimen used and stud locations for ASR expansion measurement, (b)

storage of specimens in sealed plastic containers and (c) ASR measurement

The specimens were then stored in the laboratory for 48h at 23°C, after which the “0” length
reading was performed and the specimens were placed in sealed plastic containers lined with
damped burlap (2 specimens per container, Figure 5b). All containers were stored at 38°C and
100% R.H., and all the push-off specimens were monitored regularly for length variations (see
Figure 5c). As per ASTM-C1293 [34], the containers were cooled to 23 °C for 16 £ 4 h prior to

periodic expansion measurements.
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To estimate the targeted ASR expansion for push-off specimens, the concrete expansion was
monitored in the two specimens without stirrups (Series 0S). Then, expansion levels of 0.05% +
0.01 and 0.12% £ 0.01% were selected for half of the push-off specimens of the series 2S and 4S.
The push-off specimens reaching an expansion of 0.05% and 0.12% were designated as “R5” and
“R12”, respectively. These expansion levels were chosen according to desired ASR damage levels
observed microscopically by Sanchez et al. [6]. Once these expansion levels were reached after a
conditioning period of time, specimens were wrapped in plastic film and stored at 12°C to limit
ASR progression until testing as described by Sanchez et al. [6].

For comparison, non-reactive concrete specimens designated as “NR5” and “NR12” were tested.
These specimens were fabricated with the same mix-design and stored in similar conditions and
the same conditioning period as the corresponding specimens R5 and R12, but lithium-based

admixtures were used in the concrete mix to inhibit ASR development.

3.4 Loading procedure and measurements of push-off specimens

Prior to testing, the specimens were kept for 48h in the moist curing room to allow appropriate re-

saturation [35]. Then the push-off test was carried out in the following two steps.

3.4.1 Pre-cracking phase

All the specimens were pre-cracked along the critical shear plane before push-off testing. Steel
plates designed to fit the shear plane notches were placed under and over the notches and then
loaded at a rate of 0.3 mm/min to create tensile stresses and cracking along the desired shear plane
(see Figure 6). The pre-cracking phase was completed when the crack width measured by four
linear variable differential transformers (LVDT) (two on each side of the critical shear section, see

Figure 7a) reached a crack width of 0.10 mm.

Load
Notch

|

| ‘ i -

| Tensile stress
—

Specimen

o
44—
o
= \—P
P\

Notch/ I_L.]_J_fl Desired shear plane

Figure 6: Pre-cracking of a push-off specimen

10
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Figure 7: (a) Measurements of crack width during pre-cracking phase by four LVDTSs (two on
each side) and (b) crack width and slip during push-off testing

3.4.2 Push-off testing

The four LVDTs used during pre-cracking remained on the specimen to measure crack width
during push-off testing. In addition, two new LVDTs (1 per side, see Figure 7b) were installed to
measure crack slip. The specimen was placed in the testing frame as illustrated in Figure 7b and
then loading was applied at a rate of 0.25 mm/min. The test was considered completed when the
average crack slip reached approximatively 2 mm, which is considered to be large enough to
evaluate the aggregate interlock shear behavior [34].

4  ASR DEVELOPMENT ON THE CONCRETE SPECIMENS
Figure 8 presents representative values of expansion measured perpendicular to the shear plane
(see Figure 5c¢). All the non-reactive concrete specimens 2S-NR and 4S-NR, due to the inclusion

of lithium to control ASR expansion, showed very small expansion levels over time (i.e. generally

11
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lower than 0.03%). The specimens with reactive concrete, 0S-R, 2S-R and 4S-R (without lithium),
exhibited significant expansion. The reactive concrete specimen without reinforcement, 0S-R,
reached 0.05% and 0.10% expansion at 9 and 16 weeks (64 days and 115 days), respectively. After
24 weeks (168 days), expansion reached a maximum value of 0.12%. A longer delay was observed
for reactive concrete specimen with stirrups. The reactive concrete specimen with two stirrups, 2S-
R, reached 0.05% and 0.10% expansion at 17 and 29 weeks (121 and 203 days), respectively. The
reactive concrete specimen with four stirrups, 4S, reached 0.05% and 0.10% expansion at 19 and
45 weeks (133 and 321 days), respectively. After reaching 0.10% expansion, the rate of expansion
slowed down and maximum values of 0.12% and 0.11% were reached after 53 and 57 weeks (371
and 399 days) for the representative specimens 2S-R and 4S-R presented in Figure 8, respectively.

It is clear that increased confinement due to increasing the amount of stirrups delayed the measured

expansion.
D.IS T T T | T T T I T T T
- ‘I i
- / = ]
S ook eeeee 3
- L &LReactive T
5 i 4
.2 concrete
2 i 4
= i i
L% 0.05 R Non-reactive -_
i \( concrete i
0 —
0 20 40 60

Time (weeks)
Figure 8: Typical values of ASR expansion as a function of time for reactive and non-reactive

concrete specimens with different amounts of stirrups

5 PUSH-OFF TESTS RESULTS AND DISCUSSION

5.1 Test results

Figure 9 and Table 3 present the push-off test results for the reactive and non-reactive concrete

specimens. Figure 9 shows the aggregate interlock shear stress, v, the average shear stress due to

ci?

dowel action of the stirrups, pv,, the crack width, w, and the compressive stress on the crack

interface, f;, as a function of the crack slip, ¢. These average values for each series were

12
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determined for each value of slip. Table 3 compares the average peak values of aggregate interlock,

Y and the corresponding compressive stress on crack interface, f crack slip, o, , and

ci, peak ! ci, peak ? peak !

width, w for all the reactive and non-reactive concrete specimens. This table also presents the

peak

measured expansion levels at the time of testing each specimen.
The aggregate interlock shear stress was determined with Eq. (1) by taking the total shear stress,
V /A, and subtracting the shear stress due to dowel action of the stirrups, pv,. The model

proposed by Maekawa et al. [36] and Moradi et al. [37] was used to determine v, . This model

validated by several authors [37-41] considers interaction between the shear stress and the axial

stress in the stirrups at a crack and can be expressed as:

12 1f ’0.6375E 0.25 f
v, =——¢ s <X
i Ak V3

In this equation, f, is the axial stress in the stirrups at a crack and k, is a concrete damage

(7)

parameter that considers the bar diameter, the crack width and slip. Considering an initial stirrup

deformation caused by ASR, &, , and an elastic strain-hardening stress-strain response, the stirrups

axial stress, f,, is determined from the crack opening as follows [42-44]:

1213
f, = /%w +Ee  wsw, (8)
b

2E, f'%*
f, :\/hd—bc(w—wy) +Epgot f,  W>w, ©)

Where E, is the strain-hardening modulus (taken as 1000 MPa), f, is a reduced yield strength
that considers the effect of shear stress from Eq. (10) [36] and w, is the crack width at the yielding

of the stirrups given by Eq. (11).

f,= 1, 41-3(v,/ 1,) (10)

f 2
w, = db—[zs(l—gsoj (11)
2f %% E,

13
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The ASR-induced expansion of the specimens was measured 65 mm from the specimen surface

and the initial stirrups strain, &,,, was taken equal to the concrete expansion at this location.

Reactive concrete (R) Non reactive concrete (NR) R/NR

oot cure | & ASR fc’ 5peak Wpeak Vci,peak fci,peak ‘C"ASR fc' 5peak Wpeak Vci,peak fci,peak Vci,peakR fci,peakR

weeks| % MPa mm mm MPa MPa % MPa mm mm MPa MPa Vci,peakNR fci,peakNR
2S| 5-1 | 39.9 (0.029 42.6 0.20 0.17 8.87 246 | 0.009 450 0.22 0.14 8.32 1.99 1.07 1.23
5-2 | 17.9 | 0.050 41.6 030 0.21 8.49 3.00 | 0.013 43.7 0.16 0.15 7.49 2.10 1.13 1.43
12-1| 46.1 | 0.088 42.7 0.24 0.29 9.58 3.45 0.018 451 0.26 0.15 6.92 2.20 1.38 1.57
12-2| 53.1 | 0.120 42.8 0.40 0.36 8.88 3.51 0.022 452 038 0.28 7.82 2.98 1.14 1.18
12-3| 53.1 | 0.139 42.8 0.45 0.47 8.62 356 | 0.027 452 0.28 0.24 7.90 2.85 1.09 1.25
Average 425 032 0.30 8.89 3.20 448 0.26 0.19 7.69 2.42 1.16 1.33
4S| 5-1| 28.0 | 0.049 45.2 0.18 0.13 9.81 5.12 0.013 471 0.26 0.23 11.74 5.31 0.84 0.96
5-2 |1 59.0 | 0.049 429 0.17 0.14 10.59 5.17 0.000 469 0.15 0.11 10.62 3.42 1.00 1.51
5-3123.9 [0.059 450 0.51 047 10.52 6.92 0.008 469 0.17 0.12 10.77 3.75 0.98 1.85
12-1| 50.1 | 0.098 45.7 0.45 0.53 10.77 7.10 | 0.004 47.6 0.15 0.13 1176 3.83 0.92 1.85
12-2| 57.1 | 0.108 45.8 0.29 0.46 12.12 7.09 0.017 47.7 026 0.21 1213 5.20 1.00 1.36
12-3| 66.0 | 0.115 43.0 048 0.59 10.35 7.15 0.017 470 0.18 0.16 10.97 4.64 0.94 1.54
Average 444 038 0.44 10.87 6.69 47.2 0.18 0.15 11.25 4.17 0.94 1.51

* No result was monitor for the specimens 2S-5R-3 and 2S-5NR-3 due to the measuring system malfunction

Table 3: Summary of push-off test results for specimens with two and four stirrups

14
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Figure 9: Average values of: shear stress at crack due to aggregate interlock, v, dowel

ci?

resistance, pv, , crack width, w, and the compressive stress on crack, f, as a function of the

ci?

crack slip, &

5.2 Influence ASR-induced expansion level and amount of stirrups

It can be seen from Figure 9 that, before any shear was applied, the specimens exhibit a very small
crack (less than 0.1 mm) due to precracking. This precracking caused tensile stress in the stirrups

and an initial compressive stress on the crack interface, f;. ASR expansion levels induces

additional tensile stresses in the stirrups (i.e. “chemical” prestressing) and increased compressive
stresses on the crack interface. As the amount of stirrups and ASR expansion increase, this initial
compressive stress on the crack interface applied by the stirrups increases. For example, the
compressive stress on the crack due to chemical prestressing of the stirrups in the reactive concrete
specimens with two stirrups, R5 and R12, reaches on an average 0.65 and 1.76 MPa, which
represents 20% and 53% of the stirrup yield stress, respectively.
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When shear is applied, the compressive stress on the crack interface applied by the stirrups tends
to close the shear crack. For the same applied shear, the initial stress due to ASR chemical
prestressing results in a smaller shear crack width than the specimens with non-reactive concrete.
As the initial compressive stress on the crack interface increases, friction on the crack interface
increases and a larger shear stress must be applied to start the shear crack opening and sliding.
Thus, the initial slope of the shear stress versus slip curve in Figure 9 is steeper for the reactive
specimens (R5 and R12) than the non-reactive ones (NR5 and NR12).

When crack slip occurs, the shear stress due to dowel action of the stirrups is engaged. However,

it can be seen in Figure 9 that the shear stress carried by the stirrups, pv,, is relatively small
compared to the aggregate interlock, v, . For Series 2S and 4S, the shear stress due to dowel action,
PV, , reached an average 0.37 MPa and 0.62 MPa, respectively (see Figure 9) at the peak aggregate

interlock shear stress. The shear stress due to dowel action represents less than 6% of v At

ci, peak *

the end of the test, v decreases and pv, represents less than 11% of v,;.

When the applied shear increases, the aggregate interlock becomes fully engaged and the crack
slips and opens. The relationship between the average crack width and the average crack slip is
shown in Figure 10 for the push-off specimens. It can be seen in Figure 9 and Figure 10 that this
crack displacement is similar for reactive and non-reactive concrete specimens up to the yielding
of the stirrups. Yielding of the stirrups occurs at similar crack displacements for the specimens
with two and four stirrups. However, increasing ASR reduces the crack width at stirrup yielding
since the stirrups were in tension before shear was applied. On average, crack widths of 0.60 mm,
0.40 mm and 0.15 mm and crack slips of 0.30 mm, 0.25 mm and 0.10 mm were determined when

the stirrups yielded for the specimens NR, R5 and R12, respectively.
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Figure 10: Average crack width, w, versus average crack slip, o

After the stirrups reach yielding, the increase of crack width does not result in a significant

increases of compressive stress at the crack interface, f_, and the crack opens (see Figure 9).

ci?
Because the yielding of the stirrups occurs at smaller slips for the reactive concrete specimens, the
crack width becomes larger for these specimens than for the non-reactive concrete specimen after
stirrups yielding (see Figure 9 and Figure 10). Consequently, the peak-aggregate interlock
generally occurs after yielding of the stirrups for the specimens with more significant ASR
expansion. At the peak aggregate interlock, the specimens R12 with two and four stirrups reached

on an average f; ., 0f 3.51 MPaand 7.11 MPa, respectively (see Table 3), which exceed the

stirrups yielding. For the non-reactive specimens with two and four stirrups, stirrups are elastic
and the compressive stress at the crack interface was on average 2.42 MPa and 4.17 MPa,
respectively. This compressive stress slightly increases to 2.73 MPa and 5.74 MPa for the

specimens R5 with two and four stirrups, respectively.

For the non-reactive concrete specimens with two stirrups, the average peak aggregate interlock

stresses, V, reached 7.69 MPa compared to 11.25 MPa for the specimens with four stirrup.

ci, peak !
That increase of aggregate interlock can be attributed to the larger compressive stress on the crack
interface for the specimen with four stirrups. The non-reactive concrete specimens with two and
four stirrups exhibited similar crack widths at the peak but the specimens with four stirrups

experienced a compressive stress on the crack interface about twice as much as the specimens with
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two stirrups. These results show that increasing the amount of stirrups increases f and hence

ci, peak !

v

ci,peak *

Increasing ASR expansion also increases f; ., and hence v, However, yielding of the

ci, peak *
stirrups also occurs sooner for the reactive concrete specimens and the resulting larger crack tends

to reduce v . These two opposite effects were observed by comparing the specimens with two

ci, peak

and four stirrups. For the specimens with two stirrups, increases of w,, of 58% (from 0.19 mm

to 0.30 mm, see Table 3) and f .., of 33% were determined for the reactive concrete specimens

ci, peal
compared to the non-reactive concrete specimens. This increase results in a peak aggregate
interlock increase of 16% on average (from 7.69 MPa to 8.89 MPa) for the reactive concrete
specimens compared to the non-reactive concrete specimens. On the contrary, for the reactive
concrete specimens with four stirrups (Series 4S), the peak aggregate interlock decreased by 6%
on average compared to the non-reactive concrete specimens (from 11.25 MPa to 10.87 MPa). For
these reactive concrete specimens with four stirrups, the crack width at the peak increased by 162%
(0.15 mm compared to 0.44 mm) while the compressive stress on the crack interface increased by

51% compared to the non-reactive concrete specimens.

Accounting for the microscopic model displayed in Figure 3, expansion increases ASR damage in
concrete, which may result in reductions in both mechanical properties and aggregate interlock.
The push-off specimens with four stirrups presented higher shear capacities than the specimens
with two stirrups. However, for the case of significant ASR-induced expansion, increasing the
amount of stirrups results in higher localized stresses on the shear crack interface which tends to
give rise to greater strength reductions than the specimens that are not affected by ASR.

6 COMPARISON OF PREDICTIONS WITH PUSH-OFF TEST RESULTS
The aggregate interlock model proposed by Vecchio et al. [18] (Eq. (5)) considers the concrete

strength, aggregate size and the crack opening to define the maximum aggregate interlock, v

ci,max
, that can be transmitted across a crack when sufficient stirrups are provided. Increasing the crack

width and reducing the aggregate size results in lower values of v The aggregate interlock

ci,max *

shear stress is then determined from the compressive stress on the crack interface, f., and the

ci?

18



359

360
361

362
363

364
365
366

367

368

369
370

371

maximum aggregate interlock, v, When the shear crack runs through the aggregate particles,

ci,max *
the aggregate interlock mechanism illustrated in Figure 2 is no longer valid, which may

significantly reduce the maximum aggregate interlock, v, In this case, Angelakos et al. [19]

ci,max *

suggested using a reduced aggregate size of a, = 0to determine the maximum aggregate interlock,

. High levels of ASR can result in a similar crack pattern through the aggregate particles (see

Vci,max
Figure 3) and a reduced aggregate interlock shear stress. Figure 11 compares the predictions using
the Vecchio and Collins model with the push-off test results. For these predictions, the real

aggregate size (a, =20 mm) and a reduced one for cracks running through the aggregate particles

(a,= 0 mm) were considered to determine v,

ci,max *

a)

(a, =20 mm)
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Figure 11: Comparison of predictions using Vecchio et al. [18] model with test results for (a)

non-reactive concrete specimens (a, =20 mm), (b) reactive concrete specimens considering

sound aggregates (a, =20 mm) and (c) fractured aggregates (a, = 0)
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The push-off test specimens before any shear is applied have an initial compressive stress across

the crack interface, f_, due to the presence of ASR and the initial cracking along the shear

ci?
interface (see Figure 11). As shear is applied to a specimen, the crack width and f, initially

decreases as the interlock along the interface starts to be engaged. When the aggregate interlock is
engaged, the shear stress ratio reaches the Vecchio et al. [18] model curve, which corresponds to

v /v

«.max OF about 0.18 for the non-reactive concrete specimens. Then, the crack opens and the
compressive stress across the crack increases. Increasing the initial prestressing caused by ASR

increases the initial ratio f; /v

ci,max

so that the crack opening and slippage begin at a shear stress

ratio v /v

ci,max

larger than 0.18. The opening of the crack reduces v and the ratios v; /v

ci,max ci,max

and f;/v increase, even after yielding of the stirrups and after reaching the peak aggregate

ci,max

interlock, Vy; ... (see Figure 9 and Figure 11).

it appears

By considering the sound maximum aggregate size (a,= 20 mm) to determine v .., ,
that the Vecchio & Collins model provides a good estimation of the aggregate interlock shear
behavior and capacity (see Figure 11). In order to compare the model predictions with the test

values for each specimen, the peak value of v, obtained from the test and the corresponding w

and f, were used in Eq. (5) and (6) to determine the corresponding model peak value. For non-

reactive concrete specimens, with 2 stirrups and 4 stirrups, NR5 and NR12, the peak aggregate
interlock is slightly underestimated by the model (average model/test value of 0.82, coefficient of
variation, CoV, of 6.8%). Very similar peak aggregate interlock underestimation is provided by
the model for reactive concrete specimens R5 and R12 when sound aggregates are considered
(average model/test value of 0.85, CoV of 10.8%).

By considering fractured aggregates (a, = 0) to determine v, for reactive concrete specimens,

ci,max
it can be seen from Figure 11c that the predictions using the Vecchio & Collins model gives an
overly conservative estimate of the aggregate interlock. On average for reactive concrete

specimens R5 and R12, the peak shear stress, V;; ... , determined from the test is 33% larger than

the model predictions (average model/test value of 0.67). Furthermore, v is underestimated

ci, peak !

by the model for all the tests and the scattering between experimental tests and Eq. (5) is even

20



399
400
401

402

403
404
405

406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424

425
426
427

larger for the ASR reactive concrete specimens than for the non-reactive concrete specimens (CoV
= 19% for reactive concrete specimens). Hence, it can be concluded that considering fractured

aggregates (a, = 0) in Eq. (5) and (6) is not appropriate for the specimens subjected to ASR

expansion levels in this study.

7 CONCLUSIONS:
The main objective of this research was to better understand the influence of ASR on aggregate

interlock of reinforced concrete specimens. The main findings are presented here after:

e Confinement due to increased amounts of stirrups delayed the ASR-induced expansion in the
direction parallel to the stirrups. However, the confinement did not affect the maximum
expansion level reached by the specimens.

e Increasing ASR-induced expansion and the amount of stirrups increases the initial tensile stress
in the stirrups and the compressive stress transmitted across the shear crack interface.
Consequently, a larger shear must be applied to initiate crack opening and slippage and the
stirrups across the shear crack yield at a smaller slip for the ASR-affected concrete specimens.

e After stirrup yielding, the reactive concrete specimens experience larger shear cracks than the
non-reactive concrete specimens.

e No significant reduction in aggregate interlock was attributed to ASR-induced damage for the
tested specimens subjected to ASR having expansion levels less than about 0.12%.

e There are two opposing effects for ASR-affected concrete: a larger compressive stress across
the crack interface increases aggregate interlock while a larger shear crack width reduces
aggregate interlock. ASR-affected concrete specimens experience these two opposite effects
and aggregate interlock may increase or decrease regarding their relative importance.

e The Vecchio and Collins aggregate interlock model considers these two effects. For the ASR
expansion levels studied, this model predicts well the aggregate interlock shear behavior when
the real aggregate size is considered. It therefore appears that the potential cracking through

the aggregate particles did not progress enough to reduce aggregate resistance and interlock.
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